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INTRODUCTION TO CIRCUIT BREAKERS 


A circuit breaker is an automatically-operated electrical 
switch designed to protect an electrical circuit from damage 
caused by overload or short circuit. Unlike a fuse, which operates 
once and then has to be replaced, a circuit breaker can be reset 
(either manually or automatically) to resume normal operation. 
Circuit breakers are made in varying sizes, from small devices that 
protect an individual household appliance up to large switchgear 
designed to protect high voltage circuits feeding an entire city. 


OPERATION 


Magnetic circuit breakers are implemented using a solenoid 
(electromagnet) whose pulling force increases with the current. The 
circuit breaker’s contacts are held closed by a latch and, as the 
current in the solenoid increases beyond the rating of the circuit 
breaker, the solenoid”s pull releases the latch which then allows 
the contacts to open by spring action. Some types of magnetic 
breakers incorporate a hydraulic time delay feature wherein the 
solenoid core is located in a tube containing a viscous fluid. The 
core is restrained by a spring until the current exceeds the breaker 
rating. During an overload, the solenoid pulls the core through 
the fluid to close the magnetic circuit, which then provides suffi- 
cient force to release the latch. The delay permits brief current 
surges beyond normal running current for motor starting, ener- 
gizing equipment, etc. Short circuit currents provide sufficient 
solenoid force to release the latch regardless of core position, 
thus bypassing the delay feature. Ambient temperature affects the 
time delay but does not affect the current rating of a magnetic 
breaker. 

Thermal breakers use a bimetallic strip, which heats and 
bend with increased current, and is similarly arranged to release 
the latch. This type is commonly used with motor control circuits. 
Thermal breakers often have a compensation element to reduce 
the effect of ambient temperature on the device rating. 

Thermo magnetic circuit breakers, which are the type 
found in most distribution boards, incorporate both techniques 
with the electromagnet responding instantaneously to large surges 
in current (short circuits) and the bimetallic strip responding to 
less extreme but longer-term overcurrent conditions. 

Circuit breakers for larger currents are usually arranged 
with pilot devices to sense a fault current and to operate the trip 
opening mechanism. 

Under short-circuit conditions, a current many times 
greater than normal can flow (see maximum prospective short 
circuit current). When electrical contacts open to interrupt a large 
current, there is a tendency for an arc to form between the opened 
contacts, which would allow the flow of current to continue. 
Therefore, circuit breakers must incorporate various features to 
divide and extinguish the arc. In air-insulated and miniature 
breakers, an arc chute structure consisting (often) of metal plates 
or ceramic ridges cools the arc, and blowout coils deflect the arc 


into the arc chute. Larger circuit breakers such as those used in 
electrical power distribution may use vacuum, an inert gas such 
as sulfur hexafluoride or have contacts immersed in oil to suppress 
the arc. 

The maximum short-circuit current that a breaker can 
interrupt is determined by testing. Application of a breaker in a 
circuit with a prospective short-circuit current higher than the 
breaker’s interrupting capacity rating may result in failure of the 
breaker to safely interrupt a fault. In a worst-case scenario the 
breaker may successfully interrupt the fault, only to explode 
when reset, injuring the technician. 

Small circuit breakers are either installed directly in equip- 
ment, or are arranged in a breaker panel. Power circuit breakers are 
built into switchgear cabinets. High-voltage breakers may be free- 
standing outdoor equipment or a component of a gas-insulated 
switchgear line-up. 


LOW-VOLTAGE EUROPEAN 
CIRCUIT BREAKER 


Figure 1 illustrates a 
photograph of the internal 
details of a 10 ampere 
European DIN rail mounted 
thermal-magnetic miniature cir- 
cuit breaker. Circuit breakers 
such as this are the most com- 
mon style in modern domestic 
consumer units and commer- 
cial electrical distribution 
boards throughout Europe. 
Unfortunately, while the size 
and shape of the opening in the 
front and its elevation from the 
rail are standardized, the arrange- 
ments for busbar connections are 
not, so installers need to take care that the chosen breaker fits the 
bus bar in a particular board. 





Figure 1. A 10 ampere European DIN rail 
mounted thermal-magnetic miniature 
circuit breaker 


1. Actuator lever — used to manually trip and reset the circuit 
breaker. Also indicates the status of the circuit breaker (On or 
Off/tripped). Most breakers are designed so they can still trip 
even if the lever is held or locked in the on position. This is 
sometimes referred to as “free trip” or “positive trip” operation. 

2. Actuator mechanism — forces the contacts together or apart. 

3. Contacts — Allow current to flow when touching and break 

the flow of current when moved apart. 

. Terminals 

. Bimetallic strip 

. Calibration screw — allows the manufacturer to precisely 

adjust the trip current of the device after assembly. 


Dun 
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7. Solenoid more than 100 A. Trip characteristics normally not 

8. Arc divider/extinguisher adjustable. Thermal or thermal-magnetic operation. 
Breakers illustrated above are in this category. 

RATED CURRENT ; e 


International Standard IEC 60898-1 and European 
Standard EN 60898-1 define the rated current of a circuit break- 
er for household applications as the current that the breaker is 
designed to carry continuously (at an ambient air temperature of 
30°C). The commonly-available preferred values for the rated 
current are 6 A, 10 A, 13 A, 16 A, 20 A, 25 A, 32 A, 40 A, 50 A, 
63 A, 80 A and 100 A (Renard series, slightly modified to include 
current limit of British BS 1363 sockets). The circuit breaker is 
labeled with the rated current in ampere, but without the unit 
symbol “A”. Instead, the ampere figure is preceded by a letter 
“B”, “C” or “D” that indicates the instantaneous tripping current, 
that is the minimum value of current that causes the circuit- 
breaker to trip without intentional time delay (i.e., in less than 
100 ms): 


Type Instantaneous tripping current 

B above 3h up to and including 5h 

C above 5h up to and including 10h 

D above 10h up to and including 20h 

K above 8h up to and including 12h 
For the protection of loads that cause frequent short duration 
(approximately 400ms to 2s) current peaks in normal operation. 

Z above 2h up to and including 3h for periods in the order of tens 


of seconds. 
For the protection of loads such as semiconductor devices or 
measuring circuits using current 
transformers. 


COMMON TRIP BREAKERS 
THREE POLE COMMON TRIP BREAKER FOR 
SUPPLYING A THREE-PHASE DEVICE 

This breaker has a 2 A rating. 
When supplying a branch circuit with 
more than one live conductor, each live 
conductor must be protected by a break- 
er pole. To ensure that all live conduc- 
tors are interrupted when any pole trips, 
a “common trip” breaker must be used. 
These may either contain two or three tripping mechanisms with- 
in one case or, for small breakers, may externally tie the poles 
together via their operating handles. Two-pole common trip 
breakers are common on 120/240 volt systems where 240 volt 
loads (including major appliances or further distribution boards) 
span the two out-of-phase live wires. Three-pole common trip 
breakers are typically used to supply three phase power to large 
motors or further distribution boards. 


TYPES OF CIRCUIT BREAKER 
FRONT PANEL OF A 1250 A AIR CIRCUIT BREAKER 


The breaker can be withdrawn from its housing for serv- 
icing. Trip characteristics are configurable via DIP switches on 
the front panel. 

There are many different technologies used in circuit 
breakers and they do not always fall into distinct categories. 
Types that are common in domestic, commercial and light indus- 
trial applications at low voltage (less than 1000 V) include: 

e MCB (Miniature Circuit Breaker) — rated current not 


Figure 2. Three pole common 
trip breaker 





MCCB (Moulded Case Circuit Breaker) — rated current 
up to 1000 A. Thermal or thermal-magnetic operation. 
Trip current may be adjustable. Electric power systems 
require the breaking of higher currents at higher volt- 
ages. Examples of high-voltage AC circuit breakers are: 
e Vacuum circuit breaker — With rated current up to 
3000 A, these breakers interrupt the current by creating 
and extinguishing the arc in a vacuum container. These 
can only be practically applied for voltages up to about 
35,000 V, which corresponds roughly to the medium- 
voltage range of power systems. Vacuum circuit breakers 
tend to have longer life expectancies between overhaul 
than do air circuit breakers. 

Air circuit breaker — Rated current up to 10,000 A. 
Trip characteristics often fully adjustable including con- 
figurable trip thresholds and delays. Usually electronically 
controlled, though some models are microprocessor 
controlled. Often used for main power distribution in 
large industrial plant, where the breakers are arranged in 
draw-out enclosures for ease of maintenance. 


HIGH-VOLTAGE CIRCUIT BREAKERS 


Electrical power transmission networks are protected and 
controlled by high-voltage breakers. The definition of “high volt- 
age” varies but in power transmission work is usually thought to 
be 72,500 V or higher, 
according to a recent 
definition by the 
International 
Electrotechnical 
Commission (IEC). 
High-voltage breakers 
are nearly always sole- 
noid-operated, with 
current sensing protec- 
tive relays operated 
through current trans- 
formers. In substations, 
the protection relay 
scheme can be com- 
plex, protecting equipment and busses from various types of 
overload or ground/ 
earth fault. 

High-voltage breakers are broadly classified by the medi- 
um used to extinguish the arc. 

e Oil-filled (dead tank and live tank) 

e Oil-filled, minimum oil volume 

e Air blast 

e Sulfur hexafluoride 

High-voltage breakers are routinely available up to 765 
kV AC. 

Live tank circuit breakers are where the enclosure that con- 
tains the breaking mechanism is at line potential, that is, “Live”. 
Dead tank circuit breaker enclosures are at earth potential. 


INTERRUPTING PRINCIPLES FOR HIGH-VOLTAGE 
CIRCUIT BREAKERS 

High-voltage circuit breakers have changed greatly since 
they were first introduced about 40 years ago, and several inter- 








L a a E Ja — ~ 
Figure 3 A 1200 A 3-pole 115,000 V breaker at a 
generating station in Manitoba, Canada 
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rupting principles have been developed that have contributed 
successively to a large reduction of the operating energy. 

Current interruption in a high-voltage circuit breaker is 
obtained by separating two contacts in a medium, such as sulfur 
hexafluoride (SF6), having excellent dielectrically and arc quench- 
ing properties. After contact separation, current is carried through 
an arc and is interrupted when this arc is cooled by a gas blast of 
sufficient intensity. 

Gas blast applied on the arc must be able to cool it rapidly 
so that gas temperature between the contacts is reduced from 
20,000 K to less than 2000 K in a few hundred microseconds, so 
that it is able to withstand the transient recovery voltage that 
is applied across the contacts after current interruption. Sulfur 
hexafluoride is generally used in present high-voltage circuit- 
breakers (of rated voltage higher than 52 kV). 

In the 1980s and 1990s, the pressure necessary to blast the 
arc was generated mostly by gas heating using arc energy. It is 
now possible to use low energy spring-loaded mechanisms to 
drive high-voltage circuit breakers up to 800 kV. 


BRIEF HISTORY OF SF; 


The first patents on the use of SF6 as an interrupting medi- 
um were filed in Germany in 1938 by Vitaly Grosse (AEG) and 
independently later in the USA in July 1951 by H.J. Lingal, T.E. 
Browne and A.P. Storm (Westinghouse). The first industrial 
application of SF6 for current interruption dates back to 1953. 
High-voltage 15 kV to 161 kV load switches were developed 
with a breaking capacity of 600 A. The first high-voltage SF6 
circuit breaker built in 1956 by Westinghouse, could interrupt 5 
KA under 115 kV, but it had 6 interrupting chambers in series per 
pole. In 1957, the puffer-type technique was introduced for SF6 
circuit breakers where the relative movement of a piston and a 
cylinder linked to the moving part was used to generate the pres- 
sure rise necessary to blast the arc via a nozzle made of insulating 
material (figure 4). In this technique, the pressure rise is obtained 
mainly by gas compression. The first high-voltage SF6 circuit 
breaker with a high short-circuit current capability was produced 
by Westinghouse in 1959. This dead tank circuit-breaker could 
interrupt 41.8 kA under 138 kV (10,000 MV-A) and 37.6 kA 
under 230 kV (15,000 MV-A). This performance was already 
significant, but the three chambers per pole and the high pressure 
source needed for the blast (1.35 MPa) was a constraint that had 
to be avoided in subsequent developments. The excellent proper- 
ties of SF6 lead to the fast extension of this technique in the 
1970s and to its use for the development of circuit breakers with 
high interrupting capability, up to 800 kV. 

















Figure 4. high-voltage SF; circuit breaker 


The achievement around 1983 of the first single-break 245 


kV and the corresponding 420kV to 550 kV and 800 kV, with 
respectively 2, 3, and 4 chambers per pole, lead to the dominance 
of SF6 circuit breakers in the complete range of high voltages. 

Several characteristics of SFe circuit breakers can explain 
their success: 

e Simplicity of the interrupting chamber which does not 

need an auxiliary breaking chamber; 

e Autonomy provided by the puffer technique; 

e The possibility to obtain the highest performance, up to 

63 kA, with a reduced number of interrupting chambers; 
¢ Short break time of 2 to 2.5 cycles; 

e High electrical endurance, allowing at least 25 years of 

operation without reconditioning; 

e Possible compact solutions when used for GIS or hybrid 

switchgear; 

e Integrated closing resistors or synchronised operations 

to reduce switching overvoltages; 

e Reliability and availability; 

e Low noise levels. 

The reduction in the number of interrupting chambers per 
pole has led to a considerable simplification of circuit breakers 
as well as the number of parts and seals required. As a direct con- 
sequence, the reliability of circuit breakers improved, as verified 
later on by CIGRE surveys. 


THERMAL BLAST CHAMBERS 


New types of SF6 breaking chambers, which implement 
innovative interrupting principles, have been developed over the 
past 15 years, with the objective of reducing the operating energy 
of the circuit breaker. One aim of this evolution was to further 
increase the reliability by reducing the dynamic forces in the pole. 
Developments since 1996 have seen the use of the self-blast tech- 
nique of interruption for SF6 interrupting chambers. 

These developments have been facilitated by the progress 
made in digital simulations that were widely used to optimize the 
geometry of the interrupting chamber and the linkage between 
the poles and the mechanism. 

This technique has proved to be very efficient and has 
been widely applied for high voltage circuit breakers up to 550 
kV. It has allowed the development of new ranges of circuit 
breakers operated by low energy spring-operated mechanisms. 

















Figure 5. Thermal blast SF, circuit breaker 


The reduction of operating energy was mainly achieved 
by the lowering energy used for gas compression and by making 
increased use of arc energy to produce the pressure necessary to 
quench the arc and obtain current interruption. Low current inter- 
ruption, up to about 30% of rated short-circuit current, is 
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obtained by a puffer blast. 
SELF-BLAST CHAMBERS 


Further development in the thermal blast technique was 
made by the introduction of a valve between the expansion and 
compression volumes. When interrupting low currents the valve 
opens under the effect of the overpressure generated in the com- 
pression volume. The blow-out of the arc is made as in a puffer 
circuit breaker thanks to the compression of the gas obtained by 
the piston action. 

In the case of high currents interruption, the arc energy 
produces a high overpressure in the expansion volume, which 
leads to the closure of the valve and thus isolating the expansion 
volume from the compression volume. The overpressure necessary 
for breaking is obtained by the optimal use of the thermal effect 
and of the nozzle clogging effect produced whenever the cross- 
section of the arc significantly reduces the exhaust of gas in the 
nozzle. In order to avoid excessive energy consumption by gas 
compression, a valve is fitted on the piston in order to limit the 
overpressure in the compression to a value necessary for the 
interruption of low short circuit currents. 





Figure 6. SF; circuit breaker with valve 


This technique, known as “self-blast” has now been used 
extensively since 1996 for the development of many types of 
interrupting chambers. The increased understanding of arc inter- 
ruption obtained by digital simulations and validation through 
breaking tests, contribute to a higher reliability of these self-blast 
circuit breakers. In addition, the reduction in operating energy, 
allowed by the self-blast technique, leads to longer service life. 


DOUBLE MOTION OF CONTACTS 


An important decrease in operating energy can also be 
obtained by reducing the kinetic energy consumed during the 
tripping operation. One way is to displace the two arcing con- 
tacts in opposite directions so that the arc speed is half that of a 
conventional layout with a single mobile contact. 

The thermal and self-blast principles have enabled the use 
of low energy spring mechanisms for the operation of high-voltage 
circuit breakers. They progressively replaced the puffer technique 
in the 1980s; first in 72.5 kV breakers, and then from 145 kV to 
800 kV. 


COMPARISON OF SINGLE MOTION AND 
DOUBLE MOTION TECHNIQUES 

The double motion technique halves the tripping speed of 
the moving part. In principle, the kinetic energy could be quar- 


tered if the total moving mass was not increased. However, as the 
total moving mass is increased, the practical reduction in kinetic 
energy is closer to 60%. The total tripping energy also includes 
the compression energy, which is almost the same for both tech- 
niques. Thus, the reduction of the total tripping energy is lower, 
about 30%, although the exact value depends on the application 
and the operating mechanism. Depending on the specific case, 
either the double motion or the single motion technique can be 
cheaper. Other considerations, such as rationalization of the cir- 
cuit breaker range, can also influence the cost. 


THERMAL BLAST CHAMBER WITH ARC-ASSISTED OPENING 


In this interruption principle, arc energy is used, on the 
one hand to generate the blast by thermal expansion and, on the 
other hand, to accelerate the moving part of the circuit breaker 
when interrupting high currents. The overpressure produced by 
the arc energy downstream of the interruption zone is applied on 
an auxiliary piston linked with the moving part. The resulting 
force accelerates the moving part, thus increasing the energy 
available for tripping. 

With this interrupting principle it is possible, during high- 
current interruptions, to increase by about 30% the tripping energy 
delivered by the operating mechanism and to maintain the opening 
speed independently of the current. It is obviously better suited to 
circuit breakers with high breaking currents such as Generator cir- 
cuit breakers. 


GENERATOR CIRCUIT BREAKERS 


Generator circuit breakers are connected between a gener- 
ator and the step-up voltage transformer. They are generally used 
at the outlet of high power generators (100 MVA to 1800 MVA) 
in order to protect them in a reliable, fast and economic manner. 
Such circuit breakers must be able to allow the passage of high 
permanent currents under continuous service (6.3 kA to 40 kA), 
and have a high breaking capacity (63 kA to 275 kA). 

They belong to the medium voltage range, but the TRV 
withstand capability required by ANSI/IEEE Standard C37.013 
is such that the interrupting 
principles developed for the 
high-voltage range must be 
used. A particular embodi- 
ment of the thermal blast 
technique has been devel- 


oped and applied 
to generator circuit breakers. 
The  self-blast technique 


described above is also wide- 
ly used in SF; generator cir- 
cuit breakers, in which the 
contact system is driven by a 
low-energy, spring-operated 
mechanism. An example of 
such a device is shown in the 
figure; this circuit breaker is 
rated for 17.5 kV and 63 kA. 


EVOLUTION OF TRIPPING ENERGY 


The operating energy has been reduced by 5 to 7 times 
during this period of 27 years. This illustrates well the great 
progress made in this field of interrupting techniques for high- 
voltage circuit breakers. 





Figure 7. Generator circuit breaker rated for 
17.5 kV and 63 kA 
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FUTURE PERSPECTIVES 


In the near future, present interrupting technologies can be 
applied to circuit breakers with the higher rated breaking currents 
(63 kA to 80 kA) required in some networks with increasing 
power generation. 

Self-blast or thermal-blast circuit breakers are nowadays 
accepted world wide and they have been in service for high-volt- 
age applications for about 15 years starting with the voltage level 
of 72.5 kV. Today this technique is also available for voltage lev- 
els 420/550/800 kV. 


OTHER BREAKERS 


The following types are described here: 

e Breakers for protections against earth faults too small to 
trip an overcurrent device: 

— RCD - Residual Current Device (formerly known as a 
Residual Current Circuit Breaker) — detects current 
imbalance. Does NOT provide overcurrent protection. 

— RCBO - Residual Current Breaker with Overcurrent 
protection — combines the functions of an RCD and an 
MCB in one package. In the United States and 
Canada, panel-mounted devices that combine ground 
(earth) fault detection and overcurrent protection are 
called Ground Fault Circuit Interrupter (GFCT) breakers; 
a wall mounted outlet device providing ground fault 
detection only is called a GFL 

—ELCB - Earth leakage circuit breaker. This detects 
earth current directly rather than detecting imbalance. 
They are no longer seen in new installations for vari- 
ous reasons. 

e Autorecloser — A type of circuit breaker which closes 
again after a delay. These are used on overhead power 
distribution systems, to prevent short duration faults 
from causing sustained outages. 

e Polyswitch (polyfuse) — A small device commonly 
described as an automatically-resetting fuse rather than 
a circuit breaker. 


REFERENCES 
e BS EN 60898-1. Electrical accessories — Circuit breakers 
for overcurrent protection for household and similar 
installations. British Standards Institute, 2003. 
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ELECTRIC SYSTEM PROTECTION - FUSES VS. BREAKERS 


LittleFuse 


The proper selection of overcurrent protective devices for 
branch circuits is an important decision affecting the safety, reli- 
ability and efficiency of an electrical system. In addition to offering 
a greater degree of protection, the performance of a properly sized 
fuse provides significant advantages to an electrical system when 
compared to the performance of a circuit breaker in an equivalent 
system. 


INITIAL AND PREVENTATIVE MAINTENANCE COSTS 


The initial cost for an electrical distribution system employ- 
ing circuit breakers is up to 300% more than an equivalent system 
employing fuses. 

Breakers are standardized with initial interrupting capacities 
(IC) of 10,000AIC, 22,000AIC, 42,000AIC, 64,000 AIC... etc. 
As the interrupting capacity increases, the price increases dramat- 
ically. In addition, breaker manufacturers require annual exercising 
and re-calibration of their products to insure proper operation and 
maintain the manufacturer’s warranty. This annual maintenance 
adds considerable expense in terms of parts and labor. Installations 
utilizing fuses exhibit substantial savings in both the initial instal- 
lation costs and the elimination of unnecessary annual maintenance. 
Fuses are inexpensive to install and do not require scheduled main- 
tenance. 


DERATING AND AGING 


If a circuit breaker is not properly maintained, it will derate 
and require re-calibration. The NEMA Low-Voltage Standard states 
“after a performance at or near its interrupting rating (IR), it is not 
to be inferred that the circuit breaker can again meet its IR with- 
out being inspected and if necessary, repaired.” If the breaker is 
put back into operation without being repaired, a serious safety 
hazard could exist. These maintenance issues do not exist with 
fuses because once they operate, they are always replaced with a 
brand new fuse. 
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At the inception of a fault, a branch circuit can reach peak available current (Ip) without a cur- 
rent-limiting protector. The heat produced reaches temperatures that melt conductors as well as 
insulation, and the magnetic forces bend conductors and supports. When protected with a cur- 
rent-limiting fuse, however, the let-through current is only a fron if lp, usually opening the 
fuse in less than one-half cycle. Type 2 coordination assures that no harm to people or damage 
to equipment results from short-circuit currents. 


Circuit breakers often need to be oversized (some as much 
as 1100% of full load current while still being within code) to 
account for the inrush currents of industrial load applications 
(i.e. motors and transformers). Fuses can be sized closer to load 
current which, in turn, provides much better protection for the 
equipment from damage due to current overloads and short circuits. 


TYPE II “NO DAMAGE” PROTECTION 

Type II is one of two damage levels defined in IEC stan- 
dard 947-4-1 and UL 508E. Based on these standards, only Type 
II coordination allows minimal damage to either the contacts or 
overload relay of a motor starter, as long as the calibration is not 
lost and the device is re-serviceable after a fault occurs. Fuses are 
the only protective devices available that are current-limiting 
enough to limit the available short circuit current to a non- 
destructive level. Most circuit breakers cannot provide Type II 
“No Damage” protection. While no device can prevent an initial 
fault from occurring, the protection provided to components by 
properly sized fuses will insure that the components will remain 
functional after the fault. “No Damage” protection has already 
been embraced as the standard (SAE HS1734) for the protection 
of both IEC and NEMA rated devices by the automotive industry 
and is quickly becoming the standard in other industries. 


COMPONENT PROTECTION 


When a fault occurs, fuses will open within 1/4 and 1/2 
cycles (0.00833 seconds). Depending on the application, some 
breakers can take as long as 17 cycles (0.28322 seconds) to open. 
As an example, an un-insulated ten gauge wire with 30,000 
amperes of current applied to it will reach well in excess of 1000°F 
in approximately 3/4 of a cycle. Under this moderate amplitude of 
short circuit, a fuse will protect the wire, a circuit breaker will not. 


INTERRUPTING RATING 


Circuit breakers, like fuses are only rated to safely inter- 
rupt their maximum current once. Once a breaker has operated at 
or near its interrupting rating, the breaker may not adequately 
protect the circuit again without proper maintenance or repair. If 
proper maintenance and repair is neglected, extensive equipment 
damage and possible injury to personnel can occur. With fuses, 
these issues do not exist because they do not require maintenance 
and must be replaced after they operate. 

Because most fuses have a standard 200,000 AIR 
(300,000 AIR in some cases), fuse changes are not required during 
service upgrades. In comparison, standard breakers have relatively 
low AIC (10,000 to 42,000 AIC) and thus become obsolete and 
must be replaced when the available fault current from the utility 
rises. 

The city of Chicago is a prime example of the importance 
of interrupting ratings. For years, the available fault current supplied 
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from the utility in Chicago was approximately 39,000 amperes. 
Construction of skyscrapers began and the local utility changed 
the power supply to accommodate these new buildings. This 
resulted in a new available fault current of 107,000 amperes. The 
local utility, however, is not required to and did not inform any 
of its customers (who were using 42,000 AIC circuit breakers) of 
the change. This dangerous situation is avoided if a fuse with a 
200,000 AIR is used. 


SINGLE-PHASING PROTECTION 


While no device can prevent or eliminate single phasing, 
an overcurrent protection device must be able to safely and effec- 
tively disable power to the remaining active legs of the circuit. 
Due to the design of a circuit breaker, when one phase is opened, 
all of the phases are physically opened. This inherently prevents 
extended single-phase operation. 

A properly sized fused system, although operating in a dif- 
ferent manner, will achieve the same result. When one of the phas- 
es opens, the remaining two will always experience overcurrents. 
This will cause the other two fuses to open, preventing power from 
reaching the device. 


SELECTIVE COORDINATION 


A complete power failure cripples production and creates 
a tremendous amount of lost profit. Isolation of a faulted current 
from the remainder of the facility is becoming mandatory in 
today’s modern electrical systems. It is not enough to select pro- 
tective devices based solely on their ability to carry the system 
load current and interrupt the maximum fault current at their 
respective levels. A properly engineered system will allow only 
the protective device closest to an overcurrent to open, leaving all 
upstream equipment in service. A system comprised of fuses can 
be coordinated with relative ease by making sure the amperage 
ratings are within with designated ratios. 

A system utilizing circuit breakers may coordinate easily 
in the overload region of a fault, but the difficulty occurs in the 
instantaneous or short circuit region. A pair of breakers operat- 
ing in the instantaneous region will both open due to a short cir- 


cuit. A relatively minor fault on a branch circuit containing 
breakers will frequently cause all circuit breakers in the current 
path to open (including the main circuit breaker). This can result 
in an entire facility experiencing a power outage. Compared to 
these inconveniences, and considering the relative ease of keep- 
ing within fuse line-to-load side ratios, the advantages of using 
fuses to achieve selective coordination are significant. 


REQUIRED MAINTENANCE 


Circuit breaker manufacturers state that breakers require 
annual maintenance in order to assure their rated performance 
levels. This time-consuming process is often neglected. An IEEE 
survey reported that 40% of tested circuit breakers are faulty. 
Furthermore, after five years of use many breakers, if not properly 
maintained, become completely inoperative. One circuit breaker 
manufacturer stated that “Nine times out of ten, circuit breakers fail 
because of lack of maintenance, cleaning, and lubrication”. Today’s 
molded case circuit breakers do not give an option for internal lubri- 
cation and calibration. In contrast, fuses do not require maintenance 
or calibration. 


ROBUST DESIGNS 


Circuit breakers are mechanical devices with moving 
parts that need constant and consistent maintenance to keep their 
calibration. Damage of one component may result in a breaker’s 
inability to function properly. Because fuses are electrical devices, 
they will function in accordance with electrical conditions present 
without regard to mechanical failures. 

In conclusion, the proper selection of overcurrent protective 
devices for branch circuits is an important decision affecting the 
safety, reliability, efficiency and cost of an electrical system. 

Although a circuit breaker might initially appear to be a 
more convenient device, initial costs, safety, and long term main- 
tenance need to be considered. Properly selected fuses provide a 
much greater degree of protection to personnel and equipment in 
a smaller and more cost effective package. When all the factors 
are taken into consideration, fuses are clearly the better choice 
for electrical system protection. 
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ELECTRICAL CIRCUIT BREAKERS DEFINED 


L.W. Brittian, Mechanical & Electrical Instructor 


CIRCUIT BREAKERS DEFINED 

The American National Standards Institute (ANSI) 
defines a circuit breaker as: “A mechanical switching device, 
capable of making, carrying and breaking currents under normal 
circuit conditions. Also capable of making and carrying for a 
specified time and breaking currents under specified abnormal 
circuit conditions, such as those of a short circuit.” The NEC 
defines a circuit breaker as “a device designed to open and close 
a circuit by non-automatic means, and to open the automatic 
means, and to open the circuit automatically on a predetermined 
overcurrent without damage to itself when properly applied 
within its rating.” While the ANSI and the NEC definitions 
describe the same family of devices, they do have some differences. 
The same is true with the actual circuit breakers themselves. They 
are much the same in general terms; however, there are a number 
of significant differences between the many types of electrical cir- 
cuit breakers installed in various types of facilities today. 


CIRCUIT BREAKERS AS SWITCHES 

Both the ANSI and the NEC definitions acknowledge the 
potential for the legitimate use of circuit breakers as switches. 
Switches (pass, but do not consume electrical energy) are consid- 
ered as being control devices, thus one may also say that a breaker 
is a control device, or a controller. A circuit breaker can control 
and protect an electrical circuit and people operating the utilization 
equipment. An electrical relay is an example of an operating control; 
it opens and closes the circuit. Circuit breakers are not designed 
as replacements for operating controls such as relays, contactors, or 
motor starters. 

There is, as you may intuitively have anticipated, an 
exception. Some circuit breakers are manufactured for use in a 
specific type of application. When a circuit breaker is designed 
to also be routinely used as an on-off switch to control 120 or 
277volt florescent luminaires, they are marked SWD, for switch 
duty. This does not mean that a switch duty breaker can be used to 
manually control a traffic signal light where it will be cycled on 
and off 1,000 or more times per day. The point is; the listing for 
switch duty (SWD) does not mean a circuit breaker can be used 
as a high frequency cycling operating control, such as a relay that 
has a life span rated in tens, if not hundreds of thousands of duty 
cycles. 

While circuit breakers can be legitimately and safely used 
as switches, the frequency and duration of such use is limited. 
Routinely, circuit breakers are manually operated for service, 
maintenance, and repair type activities. With the preceding 
enhancing our understanding, we can say that circuit breakers 
can legitimately be used as switches, though generally they are 
not intended for prolonged repetitive manual breaking and mak- 
ing type control of electrical energy utilization equipment. 


CURRENT LEVELS TO BE BROKEN 


For general consideration and our immediate purposes; the 
amounts of current circuit breakers are required to open, can be 
divided into the following three broad current amplitude groups. 

The first and lowest being rated load or less. For example: 
a 60 amp low voltage molded case thermal-magnetic breaker must 
be able to open or close 48 amps (80% of its rating) or less. 

Next up in current quantity, this same breaker must be 
able to open Overload level currents. Overloads, for our purposes, 
can be understood by reference to the NEC requirements for 
overload protection for motors. Thermal overloads are commonly 
sized for some 115% of the motor’s nameplate full load amps. A 
motor with a service factor of one, having a rated load of 10 amps 
would be overloaded when pulling 11.5 amps or more. Overload 
currents can for our immediate purposes be considered to be per- 
centages increases above rated normal load current. 

The third and highest current level grouping is Short Circuit 
Currents. Short circuit (fault) currents can be considered as being 
fifteen (15) or more times normal rated load currents. 

In summation, circuit breakers may be called upon to open 
or close a circuit within a range of from no current flow, to as 
much as fifteen (15) times or more its rated current. For a 100 
amp breaker that could be 1,500 amps or more. 

As will be covered later, this high value of short circuit 
current is routinely exceeded by circuit breakers today. This 
should not be considered as implying that circuit breakers can 
open unlimited amounts of current. As will be covered later on, 
they cannot. 


OVERCURRENTS 


The National Electrical Code (NEC) defines overcurrent 
as “any current in excess of the rated current of the equipment or 
the ampacity of a conductor.” Overcurrent (or excessive current) 
conditions are caused by defective conductor insulation, equip- 
ment, or an excessive workload burden placed upon the utilization 
equipment and its electrical circuit. Fuses and circuit breakers pro- 
vide a level of safety against overcurrent conditions in electrical 
circuits. We therefore routinely say that fuses and circuit breakers 
are overcurrent protective devices (OCPD). That is, they protect 
the circuit’s components from too much current. 

Gazing into the fog that is the future, perhaps we will 
begin to see these types of electrical devices taking on additional 
roles, thus becoming a more general intelligent circuit protective 
device. To minimize the length of this paper, only automatic cir- 
cuit breaker type overcurrent protective devices will be covered. 
Restated, this article does not cover fuses and motor starter type 
overload relays. 

A circuit breaker’s primary functions are to provide over- 
current protection and isolation from energized circuit components 
and un-energized circuit components. 
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Breakers must perform these functions when properly 
applied without fail in all circumstances completely and safely, 
while protecting the electrical circuit against overcurrent induced 
damage between normal rated current and the breaking capacity 
of the breaker called its Ampere Interrupting Capacity (AIC). 
Now that is a big job and an important job. 

Modern breakers routinely do their job day in and day out 
with very little maintenance. Like all things that are made by 
man, they do have limits and they do fail. Hopefully this paper 
will help you better understand and appreciate the task per- 
formed by those little black boxes. 


CURRENT AND TEMPERATURE 


The movement of electrons (electricity) in a conductor 
produces a rise in the temperature of the conductor's material 
and its electrical insulation. Excessive temperature rise (caused 
by an excessive amount of electron collisions with base material 
atoms) can result in the melting of the wire’s material (assumed 
to be copper by the NEC), if it is allowed to rise as high as 1,980 
degrees F. For a point of reference, the NEC limits the operating 
temperature of XHHW type conductor insulation to no more 
than 194 degrees F. Thus it can be understood that long before 
the copper wire will begin to melt, the wires insulation material 
will have melted, and perhaps even have burned up. 

Our first priority, therefore, is the temperature of the con- 
ductor’s electrical insulating materials. Different types of insulat- 
ing materials have different maximum design operating tempera- 
tures. 


CIRCUIT BREAKERS AS HIGH TEMPERATURE LIMIT SWITCHES 


Electrical energy is transported throughout an electrical 
circuit by the conductive path provided by electrically insulated 
wires. The material that performs the insulation function in the 
circuit has a high temperature limit far below that of the copper 
wire. Circuit breakers are routinely sized to limit thermal energy 
related damage to the electrical insulation material and not the 
copper wire. This being the case, we can say that a circuit break- 
er limits the temperature of the connected-protected wire’s insu- 
lation materials. 


NEC REQUIREMENTS FOR CIRCUIT BREAKERS 


The National Electrical code has several requirements for 
circuit breakers (overcurrent protective devices). The following 
is a listing of some of them. Others can be found in the various 
specific articles, such as 430 covering motors. 

e Main, feeder and branch circuit breakers must be installed 

in a readily accessible location. 

e A working space as wide as the equipment, or at least 30 
inches wide and three feet deep, or deep enough to allow 
any doors to be opened at a 90 degree angle be provided 
in front of the equipment housing a breaker. That when 
the operating handle is in the up position that it’s center 
line be not more than 6 ft. 7 inches above the floor or 
working platform. 

e That it be installed so that it is secure on its mounting 
surface. 

e That when installed the up position be on and that when 
the operating handle is moved down, this be the off posi- 
tion. 

e That the breaker be clearly marked as to its off and on 
positions. 

e That the breaker be clearly marked, such that after 


installation, the amperage rating is clearly visible. 
(There are some exceptions, see 240.83) 

¢ That the operating handle be of a trip-free design, that is, 
it cannot be blocked or kept from tripping due to some 
type of obstruction keeping the operating handle from 
moving to the tripped position. 

e When wires are connected to a breaker, they be proper- 

ly torqued to the breaker’s termination points. 

e The NEC has specific requirements for both AFC and 

GFCI type circuit protectors that are mostly applicable 
based upon specific locations. 

There are specific product type requirements for circuit 
breakers to be listed by a nationally recognized testing lab 
(NRTL) such as UL that we will not be covering in this short arti- 
cle. This means detailed information relating to engineering type 
testing and things that the circuit breaker manufacturer must 
know are not covered. 


CIRCUIT BREAKER FUNCTIONS 


A circuit breaker’s main functions are: 

e Sense the current flowing in the circuit 

e Measure the current flowing in the circuit 

e Compare the measured current level to its pre-set trip point 

e Act within a predetermined time period by opening the 
circuit as quickly as possible to limit the amount of energy 
that is allowed to flow after the trip point has been reached. 


CIRCUIT BREAKER TYPES 


Medium- and low-voltage circuit breakers are commonly 
separated into the following groups, based on the type of material 
used to make the frames or cases: 

e Molded case, (MCCB) the most common low-voltage 

type 

e Insulated case, (ICCB) the intermediate-voltage and 

amperage sizes 

e Metal clad, the higher in voltage (medium) and amperage 

rating 


CIRCUIT BREAKER COMPONENTS 
THE FIVE BASIC COMPONENTS OF A CIRCUIT BREAKER ARE: 


e Frame, or case made of metal, or some type of electrical 
insulation 

e Electrical contacts 

e Arc extinguishing assembly 

e Operating mechanism 

¢ Trip unit, containing either a thermal element, or a mag- 
netic element or both. 


CIRCUIT BREAKER VOLTAGE RATINGS 

Low voltage (under 600 volts) circuit breakers are com- 
monly rated for; 120 volts, 240 volt, 277 or 480 volts A-C. Some 
breakers are rated for used in DC circuits, while others are rated 
for use in either AC or DC circuits. 

Single-pole circuit breakers are rated for a voltage poten- 
tial between the one hot wire and a grounded surface. Breakers 
that are intended to be part of a two- or three phase circuit are 
rated for a voltage potential from opposite potential to opposite 
potential, or phase-to-phase. You must not use two single-pole 
240 volt breakers to control a 480 volt circuit, but two single-pole 
breakers rated 277 volts could be used to control a 240 volt circuit. 
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When improperly applied outside its rating, a breaker may 
not be able to extinguish the arc when attempting to clear a fault. 
Some breakers have what is called a slash (/) rating such as 
120/240 or 277/480. Breakers that are slash rated should not be 
used on ungrounded systems, as they have not been tested for 
safe operation on these types of systems. 
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CIRCUIT BREAKER OPERATION 


In addition to the events that cause a trip, a circuit breaker 
for switchgear applications must also be selected for the method 
by which it opens when tripped. This is important because when 
contacts are opened quickly at high-voltage levels, a conductive 
metallic vapor can form that allows current to continue to travel 
between the open contacts. This phenomenon, known as arcing, 
creates the greatest obstacle to circuit interruption. 

As a result, medium- and high-voltage circuit breakers 
employ one of four different arc interrupting technologies. All 
take advantage of the fact that even the most powerful AC over- 
current cycles pass the zero-current level twice in one cycle. By 
reducing the amount of conductive gas between the contacts, the 
arc cannot be sustained when it passes through a current zero. 

Since the current in DC circuits does not follow a sine- 
wave pattern, circuit interruption is very difficult. This makes the 
DC interrupting rating for most breakers much lower than the 
interrupting rating for AC circuits. 


Air magnetic breakers use the arc to generate a magnet- 
ic field that forces the arc into arc chutes which lengthen and 
cool the arc, allowing it to be extinguished at a current zero. 
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Oil breakers are of several types, including bulk oil, but 
they all work in a relatively similar way. Here, the contacts are 
immersed in a container of non-conductive oil. When an overcur- 
rent occurs, the arc heats the surrounding oil forcing it to flow 
violently. The rapidly flowing oil displaces the arcing gases and 
breaks the arc path. 

Oil breakers always carry the hazards of handling and dis- 
posing of spent oil, and the potential for oil fire. In Europe, how- 
ever, special minimum-oil designs have been developed to 
reduce these drawbacks, and some minimum oil breakers have 
even been approved for limited indoor use. Different oil breakers 
are designed for different power levels, with the highest rated for 
345 kV to 500 kV. 
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Sulfur hexafluoride (SF) is an insulating gas used in 
circuit breakers in two ways. In “puffer” designs, it’s blown 
across contacts as they open to displace the arcing gas. In “blast” 
designs, it’s used at high pressures to open contacts as it simul- 
taneously extinguishes the arc. SF6 breakers are rated for the 
highest voltage of all breaker designs. 








CONTACTS SF, FLOWS 


THROUGH CONTACTS 


SULFUR HEXAFLUORIDE BREAKERS (SF.) 








Vacuum breakers enclose the contacts within a vacuum 
chamber, so when the arc of metallic vapor forms, it is magneti- 
cally controlled and thereby extinguished at current zero. 
Vacuum breakers are rated up to 34.5 kV. 
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DC AND AC LOW VOLTAGE CIRCUIT BREAKER 


Eaton — Cutler Hammer 


INTRODUCTION 


There are both low-voltage DC power circuit breakers and 
low-voltage AC power circuit breakers. The interruption of direct 
current is distinctly different from the interruption of alternating 
current, and generally more difficult at comparable voltages and 
currents. Large quantities of low-voltage AC power circuit break- 
ers are used throughout industry in comparison to very small 
numbers of DC devices. For this reason and the fact that this is 
an introduction to low voltage power circuit breakers, only AC 
designs will be covered. Keep in mind, however, low-voltage DC 
power circuit breakers do exist and are used in a number of spe- 
cialty applications, such as rapid transit. 

Circuit Breakers are often classified by certain modifying 
words, such as low-voltage power. Low-voltage AC power is 
considered to be for applications at 1000 volts AC and below. For 
comparison reasons then, medium-voltage AC power is consid- 
ered to be for application above 1000 volts AC. In general, how- 
ever, low-voltage power circuit breakers are viewed as 600 volt 
circuit breakers applied at a number of different voltage levels, such 
as 240 or 480 volts. 

Sound confusing? Let’s try to clear it up a bit by taking a 
brief look at why a low-voltage power circuit breaker might be 
used along with some background information. 

Why use a low-voltage power circuit breaker over 
another type of low-voltage circuit breaker? Most often the 
determination is made by the specific application. Let’s consider 
a number of the more prominent reasons why a low-voltage 
power circuit breaker is ideally suited for certain applications. 
Keep these reasons in mind as you proceed through this module. 
You will learn about the features and requirements that support 
and further explain the following reasons for applying low-volt- 
age power circuit breakers: 

e Continuity of Service — Continuity of service allows for 
the maximum up time and minimum down time of equip- 
ment. A low-voltage power circuit breaker has a signifi- 
cant Short Time Rating (also: “withstand rating”). This 
means that the low voltage power circuit breaker has the 
strength to withstand the stresses of a fault for up to 1/2 
second or 30 cycles, instead of opening immediately. This 
ability to delay opening allows for a circuit breaker near- 
est the fault to clear the fault. This helps to prevent facili- 
ty outages or a wide shutdown of facility equipment. 
Maintainability — A low-voltage power circuit breaker 
is designed to be maintained in the field. This extends 
the useful service life of the circuit breaker. Especially 
for heavy, repetitive duty applications, maintenance of 
the circuit breaker is quite an important feature. Low 
voltage power circuit breakers allow for the inspection 
and replacement of parts on site. 

e Safety — Low-voltage power circuit breakers are tested 
as drawout devices in an enclosure. As such, four dis- 


tinct circuit breaker positions relative to its enclosure are 
provided for maximum operator safety. The four draw- 
out circuit breaker positions allow for the following 
uniquely different functions: 

Connected Position: The circuit breaker is fully connect- 
ed and functional. 

Test Position: The circuit breaker’s primary connections 
are disconnected. Secondary connections are not discon- 
nected and testing can be safely performed because the 
circuit breaker is not energized. This is not possible with 
a circuit breaker that is permanently mounted. 
Disconnect Position: Neither the primary nor secondary 
electrical connections of the circuit breaker are made. 
This position is often used as a storage position for the 
circuit breaker within its enclosure. 

Withdrawn Position: In this position, the circuit breaker 
has no electrical connections. It is far enough out of its 
enclosure, usually on some type of integral extension rails, 
to permit inspection and maintenance without turning the 
power off to an entire assembly of equipment. 
Reliability — Low-voltage power circuit breakers are 
tested for and must be able to meet high electrical and 
mechanical endurance ratings. Electrical endurance is 
the number of operations at rated continuous current and 
maximum system voltage. Mechanical endurance is the 
number of operations with no voltage applied. 

Remote Operation and Reclosing — Low-voltage power 
circuit breakers are designed for operation remotely. They 
have two-step Stored Energy mechanisms which permit 
circuit breakers to rapidly reclose after a fault. The two- 
step stored energy mechanism makes multiple charge- 
close operations possible, such as the operating sequence: 
charge-close-recharge-open-close-open. 

Custom has led to using phrases such as low-voltage 
power circuit breaker, low-voltage metal-frame circuit 
breaker, low-voltage air circuit breaker, and 600 volt power 
circuit breaker. Although these circuit breakers fall into the clas- 
sification of 1000 volts and below, real world applications are 
usually 600 volts and below, thus the 600 volt reference. In gen- 
eral, such a device must be built and tested in accordance with a 
very specific set of standards, such as ANSI Standards. A low- 
voltage power circuit breaker is a device with both an 
Interrupting Rating and a short time rating, where the short time 
rating is composed of two components: 

e Short Delay Current (expressed in kA) 

e Short Delay Time (expressed in cycles) 

This is the primary differentiating feature between a power cir- 
cuit breaker and a molded case circuit breaker. 

For many years, low voltage power circuit breakers were 
essentially an assembly of parts on a welded metal frame, thus 
the phrase metal-frame circuit breaker. Distinguishing one 
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low-voltage circuit breaker from another at that point was rather 
simple. If it was a metal-frame circuit breaker, it was probably a 
power circuit breaker. If the 
circuit breaker parts were 
enclosed by an insulating 
material, it was called a 
molded case circuit breaker 
(Figure 1). 

Certain hybrid low- 
voltage circuit breakers were 
later developed and quite suc- 
cessful in certain markets. 
These circuit breakers had their parts encased in an insulating 
material, not unlike a molded case circuit breaker. From a per- 
formance standpoint, however, they performed more like a 
power circuit breaker. They had several of the same physical 
attributes as the power circuit breaker, but were never able to 
achieve the short time ratings of a power circuit breaker or pass 
all the power circuit breaker test standards. 

This type of circuit breaker, although not tested to all the 
same standards as a power circuit breaker, found its application 
niche to be similar to traditional power circuit breakers. This 
design became known as a low voltage insulated case circuit 
breaker (Figure 2). 

At that point, the line 
between frame materials to 
identify the type of circuit 
breaker became blurred. All 
this said, the differentiating 
feature still remains the 
device” ability to meet power 
circuit breaker test stan- 
dards, not the frame's type of 
construction. 

What is a Low-Voltage 
Power Circuit Breaker? Like 
much other terminology in 
the industry, the designation 
low voltage power circuit 
breaker can be confusing at times. For now, let's just say that the 
set or sets of standards a circuit breaker complies with determines 
whether or not the circuit breaker can be classified as a low-volt- 
age power circuit breaker. 

As you might imagine by now, there is a wide variety of 
low-voltage power circuit breakers available in the market today. 
We will not concentrate on what circuit breakers are called. 
Instead, we will look at characteristics, features and governing 
standards. Then, no matter who the manufacturer or what a cir- 
cuit breaker is called, you will be better prepared to discuss the 
subject. 

Low-voltage power circuit breakers are considered 
rugged, long-lived, flexible and, to varying degrees, field-main- 
tainable. Let's briefly look as some of the areas that might set a 
low-voltage power circuit breaker apart from other types of low- 
voltage circuit breakers, such as: 

e Method used to make and break circuits 

e Ratings 

e Construction/Maintainability 

e Integral Trip Units 

e Operating Mechanisms 

e Testing 


METHOD USED TO MAKE OR BREAK CIRCUITS 














Figure 1. Metal-Frame Low-Voltage Power 
Circuit Breaker 














Figure 2. Low-Voltage Insulated Case Circuit 
Breaker 


Because they make and break power circuits in air using 
Arc Chutes, as opposed to Vacuum, SF6 or oil, they are consid- 
ered Air Circuit Breakers. 


RATINGS 


Low-voltage power circuit breaker interrupting ratings 
and frame size designations can vary to some degree from one 
manufacturer to another or from one part of the world to another. 
One thing that is common to most power circuit breakers is the 
fact that they are rated for continuous operation at 100% of 
their current rating in their enclosure. What you see on the 
nameplate is what you get. There is no derating necessary when 
enclosed, if they are applied as specified by the manufacturer. 
This is not the case with all types of low-voltage circuit breakers 
when applied in an enclosure. Low-voltage power circuit breakers 
also have a short time rating in addition to an interrupting 
rating making them naturally suited for selectivity and coordina- 
tion with downstream devices. Downstream devices are devices, 
such as other circuit breakers, that are farther into the electrical 
system. 

You will recall that the short time rating is composed of 
two components — short delay current and short delay time, 
which are adjustable (programmable). As far as selectivity is 
concerned, let’s say it is the response to a set of circuit or system 
conditions, usually in terms of current, in a certain time frame. It 
is really the ability to withstand a certain level of current (kA) for 
a given time period (cycles) while a downstream device selec- 
tively takes care of the problem by interrupting. This is also 
known as discrimination. The degree of selectivity is usually lim- 
ited by the sophistication of the trip unit and the physical ability 
of the circuit breaker to withstand the potentially large thermal 
and mechanical stresses created by a fault current. 


CONSTRUCTION /MAINTAINABILITY 


Low-voltage power circuit breakers are essentially an 
assembly of parts on a metal frame or in an encased housing of 
insulating material. It is important to know that no set of stan- 
dards dictates the type of frame construction for low voltage 
power circuit breakers. That decision is left in the hands of the 
manufacturer. You could look at it like the frame and body of a 
car holding all the other parts, like the motor, wheels, bumpers, 
seats and radio. This type of circuit breaker, to varying degrees, 
has the ability to be maintained in the field. 

In addition, it is available in either a Fixed or Drawout con- 
figuration, with drawout being the most commonly used type. 


TRIP UNITS 


Trip Units today used on low voltage power circuit breakers 
are almost universally of the solid state, microprocessor-based 
design. Years ago this same type circuit breaker used only 
electromechanical type trip units. It is important to note that 
ANSI Standards require that the trip units on low voltage 
power circuit breakers be integrally mounted. 


OPERATING MECHANISMS 


Low-voltage power circuit breakers operate through two- 
step stored-energy spring mechanisms. The springs used to close 
the circuit breaker contacts, called closing springs, can be manu- 
ally or electrically charged. The springs used to open the circuit 
breaker, called opening springs, are usually charged automatically 
when the breaker is closed. 
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Because of the increased closing forces required and the 
closing speed, low-voltage power circuit breakers use two-step, 
stored energy mechanisms. That is, the closing springs are 
charged and remain charged with the breaker open until a “close” 
button or some other type of 
release is activated to close the 
breaker. The low-voltage 
power circuit breaker is 
required by ANSI Standards to 
provide an open-close-open 
duty cycle. This dictates the 
need for a two-step stored 
energy mechanism. 

Low-voltage power cir- 
cuit breakers are most com- 
monly applied in switchgear 
assemblies like the one shown 
here. 

Frequently, low-volt- 
age power circuit breakers are 
used to control (and protect against overloads and short-circuits 
on) fans, pumps and lighting panels. 

An assembly such as this one could be used to serve the 
HVAC needs of a manufacturing facility. 

Because they are built to withstand such intense service con- 
ditions, low-voltage power circuit breakers are ideal for industrial 
applications such as this. 

















Figure 3. Typical Low-Voltage Metal-Enclosed 
Assembly 


PRINCIPLES OF OPERATION AND TERMINOLOGY 


A low voltage power circuit breaker can be applied on any 
system within the interrupting rating of the circuit breaker. Low 
voltage power circuit breakers are ideally suited for applications 
where there is a requirement for the circuit breakers to be 
selective when faced with short-circuit conditions. In addition to 
our earlier discussion of selectivity, we could also say that 
“selective” means that the circuit breaker is capable of remaining 
closed for a certain period of time with a shortcircuit present to 
allow the problem to be cleared up by a downstream device 
before the power circuit breakers open and the larger system is 
shut down (short time delay rating capacity). This is the area 
where short time delay ratings from 0 to 30 cycles play a key 
role. Obviously, it is assumed that the circuit breaker is applied 
properly and will not face short-circuit conditions beyond its 
capabilities. If it does see a condition beyond its short time rating, 
it will open instantaneously. 

Time will be taken here to introduce several additional 
principles and common terms associated with low voltage power 
circuit breakers and their application. This material will be espe- 
cially helpful from a practical standpoint. These are the types of 
terms and topics encountered on the job when working with low 
voltage power circuit breakers and their assemblies. Principles 
and terms presented here are certainly not all inclusive. 


STORED ENERGY 


Because this is a phrase frequently heard with respect to 
circuit breakers, it deserves some elaboration. All low voltage 
power circuit breakers, whether manually or electrically operat- 
ed, utilize two-step stored energy mechanisms. Stored energy 
mechanisms are needed to overcome inherent forces opposed to 
the closing process. They also make it possible to close the circuit 
breaker very quickly, 5 cycles or less time. 


Stored energy is 
energy held in waiting, 
ready to open or close 
the low-voltage power 
circuit breaker in five 
cycles or less. Designs 
are such that the energy 
required to open a low 
voltage power circuit 
breaker is always avail- 
able. 

On manually oper- 
ated circuit breakers, clos- 
ing springs are charged by 
hand. For electrically 
operated circuit breakers, springs are normally charged by a small 
electric motor, although they can also be charged manually 1f power 
is not available (Figure 4). 


BUS 


Bus refers to a conductor or 
conductors, usually made of copper 
or aluminum bars. Bus bars carry 
current and serve as a common con- 
nection for two or more circuits 
(Figure 5). 














Figure 4. Typical Low-Voltage Metal Frame Power 
Circuit Breaker Being Manually Charged 





Figure 5. Rear View of Typical Low 
Voltage Switchgear Assembly 
Showing a Maze of Bus Bars 
Interconnected 


CONTROL VOLTAGE 


The Control Voltage (or secondary voltage), is usually 
secondary with respect to the voltage rating of the circuit in 
which the circuit breaker is applied. Control voltage is used to 
operate secondary devices. The voltage used to run the motor that 
charges a circuit breaker’s springs automatically is an example. 


DRAWOUT 


A drawout circuit breaker refers to a circuit breaker 
that can be moved within a compartment from one defined 
position to another without manually disconnecting any con- 
nections or turning off the line side power. This is usually 
accomplished through the use of a mechanical levering device, 
sometimes in combination with the manual assistance of an oper- 
ator. This is called racking the circuit breaker into or out of a 
position. The circuit breaker is first opened, and then automatic 
main disconnect devices on a drawout circuit breaker allow for 
the circuit breaker to connect or disconnect from the bus. These 
automatic main disconnect devices are often referred to as Finger 
Clusters. The phrase finger cluster comes from the fact that many 
designs utilize a number of conductive pieces (fingers) assembled 
into one cluster. The four typical defined positions are: 

e Connected 

e Test 

e Disconnect 

e Remove (Withdrawn) 

In the Connected position, the circuit breaker is into its 
compartment as far as it will go with both primary and second- 
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ary electrical connections made. The circuit breaker is now ready 
for normal operation (Figure 6). 
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Figure 6. Connected Position 


In the Test position, the circuit breaker is farther out of its 
compartment with the primary electrical connections no longer 
made (Figure 7). Secondary electrical connections are still made 
in this position to provide the secondary power required to test 
the circuit breaker’s operation, including the trip unit. 
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Figure 7. Test Position 














Figure 8. Disconnect Position 


In the Disconnect position, the circuit breaker is even far- 
ther out of its compartment with the main Contacts open (Figure 
8). Neither the primary nor secondary electrical connections are 
made. This is a typical compartment storage position for a circuit 
breaker not in use. 

In the Remove (or Withdrawn) position, the circuit break- 
er is out of the compartment on extension rails with the main 
contacts open and the closing springs discharged (Figure 9). 
There are neither primary nor secondary electrical connections. 
This is the typical last position for a circuit breaker to be in 
before it is physically removed from its rails to another location. 


BEHIND DOOR DRAWOUT 


This is related to the specific drawout breaker design 
(Figure 10). Behind the door drawout means that the breaker 
compartment door usually must be opened to Lever (or “rack”) 
the breaker from one position to another as just discussed under 
“Drawout.” 

















Figure 9. Remove (Withdrawn) Position 


The breaker normally has a Faceplate Shield (or “dead- 
front shield”) to protect the operator from dangerous voltages 
while the door is open. This type of design usually permits the 
breaker to be in any of three positions (Disconnect, Test, 
Connected ) with the door closed. This design does not permit 
an individual to know the status of the circuit breaker or its trip 
unit without opening the compartment door. 








Figure 10. Typical Behind the Door Drawout Type Low Voltage 
Metal-Frame Circuit Breaker Being Levered From 
One Position to Another 
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THROUGH DOOR DRAWOUT 


This is also a drawout related circuit breaker design 
(Figure 11). Through the door drawout permits the operator to 
lever the circuit breaker from the “Connected” position to the 
“Test” position to the “Disconnect” position and vice versa with- 
out opening the compartment door. The door has a hole in it to 
accommodate protrusion through the door of some small portion 
of the circuit breaker as it reaches a position well to the front of 
the compartment. The operator is also protected by a deadfront 
shield, usually a combination of the door and the faceplate of the 
circuit breaker. The benefits associated with this design are that 
a full view of the circuit breaker front is given along with access 
to the racking (drawout) device without opening the compart- 
ment door. 

















Figure 11. Three Typical Through the Door Drawout Positions of 
Low-Voltage Power Circuit Breakers in its Compartment 
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CIRCUIT BREAKERS AMPACITY 


L.W. Brittian 


AMPACITIES OF ELECTRICAL CONDUCTORS 


Just how hot an electrically insulated wire can get before 
its insulation melts, suffers damage or a decrease in electrical 
dielectric strength (the ability to perform as an electrical insulator) 
are well-known facts. The various types of materials used as 
electrical insulation have been tested and the results listed in 
what are called ampacity tables in the NEC in article 310.16. 

How long an installed conductor’s electrical insulation 
material will last without overload, is yet another question. 
Research is underway to determine the life of an installed insu- 
lated conductor. No doubt, when completed, it will point to many 
factors that have a negative impact upon the in-service life of an 
insulated conductor. For now, we can book a safe bet that voltage 
spikes, vibration, environmental factors such as temperature, 
dust (both electrically and thermally conductive and nonconduc- 
tive types), UV light, aggressive vapors and fluids, and relative 
humidity will all be proven to shorten, to some degree, the life of 
modern plastic type electrical insulation materials. 

I suspect that many of these same factors also have a neg- 
ative impact upon circuit breakers. I do not know of any research, 
in the past or currently, that defines the service life of circuit 
breakers. Considering the importance of the safety provided to 
people and property that circuit breakers provide, it is a bit puz- 
zling as to why such research has not already been undertaken. 

For many years, various types of materials have been used 
as electrical insulators. 

Today, conductors are made using material for outer jack- 
eting, and for filling in the gaps (indices) between bundled round 
conductors. These materials may or may not be considered to be 
electrical insulators. Some medium- and high-voltage cables are 
made using materials that are considered to be conductive, or 
semi-conductive. 


SHORT CIRCUITS 


A short circuit is an unintended path through which current 
can flow. Any time current flows in a path that is not the normal 
path, we say that the circuit is shorted. Shorts are further defined 
by the nature of the shorted connection. A direct short is commonly 
a phase-to-phase short; which is when two hot (ungrounded) 
wires make unintended contact with each other; thus a phase-to- 
phase short circuit has been created. 

A circuit breaker must be able to respond to a short cir- 
cuit, which can present a large current flow in a short period of 
time. A short circuit, unlike an overload (typically a percentage 
increase, and not multiples of rated load current) presents its self 
in a very short period of time and will typically be multiples of 
the load’s normal operating current. 

Breakers are tested to determine their ability to clear a 
short circuit without damage to themselves. With a phase-to- 
phase short, the breaker will be required to open the circuit at the 


circuit’s rated phase-to-phase voltage. This would be the case, 
independent of the system being grounded or ungrounded, that is 
either wye or delta solidly grounded or ungrounded or resistance 
(impedance) grounded. 


SHORTS TO GROUND 


When an insulated hot wire, (ungrounded) unintentionally 
makes electrical contact with an electrically conductive-grounded 
object, a ground fault is created. The words ground fault mean 
that there is a defect in the wire’s electrical insulation, and the 
faulted wire has shorted to ground. Many times a phase-to-phase 
short will develop into a ground fault, and the other way around. 
Either a phase-to-phase short can produce a ground fault, or a 
ground fault can produce a phase-to-phase short. The fault can be 
in one, two or three wire insulation materials. 

Ground fault type circuit breakers (GFCI) will not be cov- 
ered here. The short circuit, overload current limiting nature of 
these types of breakers however will be covered. It is only the 
ground fault or residual current feature of GFCI type breakers 
that is not covered here. A ground fault can present a current flow 
that is limited only by the impedance of the circuit and the capac- 
ity of the energy source supplying the faulted circuit. Ground 
faults can occur rapidly and can be either a low impedance type, 
developing a significant amount of electrical energy or as an arcing 
type fault with little total energy consumed. The common breaker is 
not designed or calibrated to respond to arcing type shorts to 
ground. 

Circuit breakers typically will respond to a short to ground 
that is of the low impedance type, as current levels are typically 
multiples of load currents which the circuit breaker has been man- 
ufactured to sense and then respond to. 

When installed in a grounded system, such as a center 
grounded wye system, only about one half of the system’s phase- 
to-phase voltage will be broken by the breaker on a round type 
fault. With an ungrounded type system, a ground fault on the first 
phase-to-ground connection does not result in any current flow as 
the system is not referenced to ground. Yet should a second ground 
fault develop, the breaker will be required to break phase-to- 
phase system rated voltage. 

With resistance grounded systems, the impedance of the 
supply system’s ground and the circuit’s ground fault combine to 
determine the amount of current drawn. 


ARCING FAULTS 


When a loose connection (a gap is present) is made in the 
faulted circuit, so loose that the current flow is non-continuous, 
it is called an arcing or arc fault. This type of circuit defect is 
much like a welder using a welding electrode to produce an elec- 
tric arc. Arcing type faults are the most difficult to locate (due to 
conductor concealment in conduit or inside of walls and their 
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non-continuous nature) and can be the cause of fires. This type 
of defect is the opposite of a bolted fault, the circuit impedance 
is higher and the connection is very irregular (high frequency). 
The current flows for only a fraction of a second and then cools 
down and may not flow current, or heat up again and produce an 
arc across the gap between the two conducting surfaces. 

During the A-C cycle, twice the supply circuit voltage 
goes to zero volts; there are two times when the circuit's electro- 
motive pressure is zero and an arc cannot be produced. This zero 
volts time helps to increase the faulted circuit's impedance. This 
higher impedance makes it more difficult for the arc to reestab- 
lish itself again. These types of faults produce heat in a very 
small area, thus they can start a fire and not trip a common ther- 
mal-magnetic circuit breaker, and their energy level is so low and 
they last for such a short time, they typically are not responded 
to by a common circuit breaker. 

In response to this unique type of circuit defect, a new 
family of circuit protectors called arc fault circuit interrupter 
(AFCD) type circuit breakers has come about. The common cir- 
cuit breaker will not respond to the development of an arcing 
type fault due to the low total amount of thermal energy devel- 
oped by the arc and the very high frequency of the arc. Perhaps one 
can think of an arcing fault as an embryonic electrical circuit 
defect, unlike the defect that has fully developed and matured 
into an adult electrical fault such as a bolted fault. 

Experience shows that on occasion a short circuit will clear 
itself before, or after the operation of the OCPD. That is, 1t will 
develop into an open circuit. 


BOLTED FAULTS 


Occasionally a shorted circuit will evolve that has such a 
firm connection (to either a grounded conductive object or another 
hot wire), that it is said to be a bolted fault. We are saying that it 
was not a loose connection, it was not wiggling around. A bolted 
fault offers less impedance to the flow of current than does an arc- 
ing type fault. 

A loose connection type of fault may produce enough heat 
to melt or plasticize the conductor’s conductive material and having 
cooled enough to then produce a joint so firm and secure as to be 
comparable to a welded joint. This would be a bolted fault. 
Circuit breakers are typically calibrated to be capable of respond- 
ing to a bolted type fault. This is because a bolted type fault pro- 
duces sufficient current flow to cause either the thermal (after some 
intentional delay) or the magnetic (non-delay, but only if sufficient 
current flow is produced) trip elements to open the circuit. 


SAFETY FIRST, ALWAYS 


The exact nature of electricity, 1.e. it cannot be detected 
with the eyes, ears, or the nose, yet if it is touched, it can kill, 
must be remembered at all times. Circuit breakers are very reliable 
components of an electrical system; however they are man made 
and are subject to becoming defective. Proper lock-out tag-out 
procedures must be followed when working on electrical circuits 
above 50 volts. Proper personal-protective equipment must be in 
serviceable condition and must be worn. Safety is a requirement, 
not an option of every electrical task, large or small, be it routine 
or emergency in nature. Always use the three-step method when 
checking for voltage. 

Take good care of your electrical test meters, having them 
checked at least every three years for insulation strength and for 
calibration as listed in the instruction booklet. Yearly would be 
better. While a switch may visually indicate that the contacts 


have opened, a meter must be used to confirm that no voltage 
remains in the equipment to be worked on. Often, more than one 
source of power is provided to a machine. Some electrical circuits 
contain motor starting/running or power factor correction capacitors 
that may still be charged even after power has been removed from 
the circuit. 

When working with others, do not assume they know how 
to operate your meter, and do not assume you know how to oper- 
ate their meter. Take the time necessary to learn how to properly 
operate the test instruments that you will be required to use. 


CIRCUIT BREAKER AMPERE RATINGS 


Circuit breakers have an ampere rating (typically marked 
on the end of the operating handle). This is the maximum contin- 
uous current that the breaker can carry without exceeding its rating. 
As a general rule, the circuit breaker’s ampere rating should be 
the same as the conductor’s ampacity. In other words, we would 
not want to put a 60 amp breaker on a 10 amp wire. Breakers are 
tested in open air, with a temperature of some 40 or 50 degrees C. 

When a breaker is placed within an enclosure, cooling air- 
flow is restricted; this reduces the ability of the breaker to carry 
a current to 80% of its ampere rating. 

When they are installed in an electrical enclosure, breakers 
will trip when a current in the amount of their rating is placed upon 
them continuously. Breakers are designed to be able to safely carry 
a current in excess of their rating for very very short periods of 
time to llow some types of electrical equipment (called inductive 
loads) such as motors to start up. 

While not as common, some breakers are rated for 100% 
continuous loads. These are typically called supplemental pro- 
tectors (SP) and not circuit breakers. 


AMPERE INTERRUPTING CAPACITY (AIC) 


Circuit breakers are tested and then rated as to their ability 
to open the protected circuit with a specific amount of current 
flowing in the circuit. Circuit breakers typically have AIC ratings 
of between 5,000 and 200,000 AIC. The amount of fault current 
available must not exceed the breaker’s ability to safely open the 
circuit. Not only must the breaker be rated for the applied voltage, 
and continuous amperage load; it must also have an AIC rating 
equal to or greater than the available current at the location in the 
circuit where it will be installed. A breaker that has been installed 
so that the available fault current exceeds its AIC rating may blow 
up, just like a bomb would explode, were it to attempt to clear a 
fault current above its rating. When opening a faulted circuit, it is 
possible for smoke and fire to be exhausted from a breaker. 

Electrical engineers tell us that the two major factors that 
govern the amount of fault current that can be delivered in a sys- 
tem are the KVA rating of the transformer and the impedance of 
the transformer. The presence of connected electric motors in 
the circuit also adds to the amount of potential fault current. 
Considering 480 volt systems, combined transformer and motor 
fault currents can range from 14,400 amps for a 500-KVA trans- 
former with an impedance of 5.0% to some 90,000 amps for a 
3500 KVA transformer with 5.75% impedance. Selecting all cir- 
cuit breakers for higher AIC ratings may be the safety first and 
cost last method. 

An engineering level study of a facility’s electrical system 
every five years (or before plant remodeling is undertaken) is a 
good idea. The study should include, among other things a 
review of the AIC of the plant’s breakers and the fault current 
that the plant’s electrical circuits can deliver to the line terminals 
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of all major circuit breakers. 


TESTING-LISTING OF CIRCUIT BREAKERS 


Molded case low-voltage circuit breakers are typically 
tested to UL standard 489. UL uses the following test goals to 
determine if a breaker is considered to be safe, (incompliance 
with their safety standard): 

e The breaker must interrupt the maximum short circuit 

current two times. 

e The breaker must protect itself and the connected con- 

ductor and the equipment in which it is installed. 

e After having been tested, the breaker must be fully func- 
tional and pass a thermal calibration trip test at 250% of 
its rated ampacity; and pass a dielectric withstand test at 
two times its rated voltage, (or a minimum of 900 volts). 
The tested breaker must also operate properly and have 
continuity in all of its poles. UL-489 listed circuit breakers 
are tested with a four-foot length of wire. This is so they 
perform during the test as they would when installed in 
the real world, thus the wire is connected to make the 
test a bit more realistic. During the test the conductor’s 
insulation must not be damaged. The connected wires 
must not be pulled loose from the breaker-conductor 
termination lug. The breaker case must not be damaged 
as a result of cable whip forces (caused by the huge 
amount of magnetic force developed under short circuit 
conditions). The connected wire acts, to some degree, as 
a heat sink for the breaker. That is, it helps to dissipate 
heat produced within the breaker. This is because the 
breaker’s case acts as not only an electrical, but a ther- 
mal insulation as well, in that it tends to retard heat 
transfer. This is one reason why breakers have wire size 
ranges marked on them. Too small a wire attached to the 
breaker cannot adequately aid in cooling the breaker. 

The temperature at the circuit breaker’s terminals must 
not rise more than 50 degrees C. above the ambient air surround- 
ing the breaker. The UL-489 test standard has been used to test 
many circuit breakers over the years and has proven to be a good 
standard by which the safety of circuit breakers can be deter- 
mined. 


NOT ALL “BREAKERS” ARE RATED THE SAME 


A circuit breaker listed to UL-489 standard is not the 
same animal as the breaker-like thing listed to a UL standard as 
a supplemental circuit protector (SP). A circuit breaker listed to 
UL standard 489 will open the circuit under fault current condi- 
tions and is tested to a higher degree to do so than is a supple- 
mental protector (commonly also tested to UL safety standards). 

Supplemental protectors cannot be used as service equip- 
ment; that is, without some device such as a UL-498 listed breaker 
or fuse in the circuit up-stream of them, they may or may not 
open the circuit under short circuit conditions. It may be difficult 
to determine the difference between a circuit breaker and a sup- 
plemental protector by simply looking at an installed device. The 
good folks with UL have pointed out that we need to pay close 
attention to what we are working with, as the testing procedures 
and listing requirements differ among all of these look-a-like 
black boxes. 

The same is somewhat true of magnetic trip (short circuit 
protection) and motor circuit protectors (MCP). With MCPs it 
helps that an amperage rating is not imprinted on the end of the 
operator handle. However, that aid is of limited value, as the 


NEC allows the marking to be hidden by some type of covering 
trim, when a circuit breaker is rated over 100 amps. (See article 
240.83 (A) and (B) for more details). 

Supplemental protectors are not required to have an AIC 
marked on them, but neither are circuit breakers that have an AIC 
of 5,000 amps. You can obtain additional information about the 
listing of Supplemental protectors by obtaining a copy of UL’s 
listing guide number: QVNU2 and circuit breakers number: 
DIVQ. 


THE ELECTRICAL ARC 


As soon as two energized electrical contacts separate, one 
contact (called the cathode) transmits electrons and the other 
(called the anode) receives them, an electrical arc is created. If 
you were to ask a layman to tell you what electricity looks like, 
he would likely describe an electrical arc, which it is not. We 
frequently see a wide range of arcs; the Godzilla of electrical 
arcs, the lightening strike, and the micron sized static electrical 
discharge occasionally experienced after walking across a carpeted 
floor. 

The electrical arc is a naturally occurring event, a part of 
working with electricity. The visible arc (ionized air) is not elec- 
tricity but an effect of electricity, just as heating of conductors 
occurs when current flows in a circuit. An electrical arc produces 
an intense amount of heat that can reach temperatures of 4,000 C 
and higher. If not extinguished quickly, an arc can pit (a transfer 
of metal from one surface to another), or even destroy the elec- 
trical contacts and insulating material such as the breaker’s cas- 
ing. 

Circuit breakers are designed to minimize, if not elimi- 
nate, damage caused by electrical arcs in the following ways: 

e Submerge the contacts in oil 

e Place the contacts in a vacuum tight enclosure 

e Immerse the contacts with an inert gas such as SF-6 

e Divert the arc away from the main contacts to secondary 

contacts or arc horns 

e Divert the arc away from the contacts with a magnetic 

field (blowout coils) 

e Deflect the arc off of the contacts by use of a differential 

pressure 

e Extinguish the arc in arc chutes 

e Making and separating contacts at high speed 

Low- and medium-voltage circuit breaker manufacturers 
have used combinations of the above methods. Methods such as 
oil, vacuum, and gases are less common on modern low- and 
medium-voltage breakers. 

While it is correct to say that when the A-C sine wave 
reaches the zero voltage points, the arc will go out due to the lack 
of voltage. This is not the entire picture, for arcs are much more 
complicated. Simply stated, the arc has a voltage of its own, and 
1f the air between the contacts is not cooled sufficiently, or the air 
gap is not wide enough, the arc may reestablish itself when the 
supply circuit voltage increases again. 

A common method used in the above 200 amp or so size 
breaker is the use of arc extinguishing chutes. This method 
diverts and separates individual sections of the arc away from the 
contacts into thermally and electrically conductive chutes where 
the arc is stretched and cooled sufficiently to extinguish it. The 
use of contact surface coating material such as silver is used to 
harden contact surfaces and reduce pitting damage. Spring pow- 
ered switching contacts are designed to increase contact move- 
ment speed, to reduce the life of an arc. 
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Copper only contacts are not used because heating causes 
a type of corrosion that increases the contact's impedance which, 
in turn, increases the amount of heat generated. 

An arc can travel across some types of insulated surfaces 
that have been heated so hot as to produce a carbon tract that pro- 
vides a lower resistance path for future current flow. This means 
that external breaker insulation materials should be inspected 
from time to time for indications of overheating, dust, and for the 
possible formation of a fine carbon like material trail that can 
result in a short circuit. 


THE EFFECTS OF CURRENT FLOW 


When current flows in a circuit two effects are produce, 
magnetic and thermal. 

Thermal energy is comparatively a much slower phenom- 
enon to build up than a magnetic force. For example, under short 
circuit current conditions, the magnetic forces build up very 
quickly. Just as a magnet can be used to move a metal object, so 
can magnetic forces torque or stress circuit components. 

Under severe short circuit current conditions bus bars 
have been instantly ripped from their mountings, large cables 
have been whipped so violently as to have been pulled loose 
from their terminations. At the same time, the slower thermal 
energy was melting sand in fuses into glass, while steel and copper 
metals were being heated so hot as to be turned into a superheated 
gas (the solid metal became a liquid and then a vapor). 

We tend occasionally to focus our attention on the electri- 
cal insulation aspects, while potentially forgetting magnetic and 
thermal effects under short circuit current conditions. The practice 
of securing big cables in place, so that they stay in place under 
short circuit current conditions with thin plastic like twine should 
be reconsidered. 


THERMAL ENERGY 


Excessive current flowing in a circuit can result in heat 
related damage to electrical equipment. That is because a rise in 
current results in an increase in thermal energy. Mathematically 
speaking, a current increase results in a squared value increase in 
the amount of heat, that is, I squared T means that the higher the 
current the much greater the amount of heat that will be devel- 
oped. Many years ago 1t was established that an increase of only 
twenty degrees C above the maximum rated temperature of an 
electrical insulator (motor windings) can reduce its life by as 
much as 50%. Electrical insulation can withstand only a limited 
amount of repeated overheating (much the same as structural 
stress cycles are cumulative) before it fails. 


THERMAL TRIP ELEMENT 


When the circuit is required to be provided with a protec- 
tive device for overload type conditions, a thermal time delay 
element is typically provided. The thermal element provides a 
time delay function called Inverse. That is to say, as the current 
flow in the circuit increases, heat begins to builds up in a BI- 
metal element, (that is made from two thin strips of different 
metal) and it begins to bow and cause the contacts of the breaker 
to open. These two metals are selected for their different rates of 
thermal expansion heating) and contraction (cooling). Having 
been fused together by the manufacturer changes in their temper- 
ature results in them expanding and contracting in an arc, and not 
in a straight line. This movement allows them to be used as the 
source of the force needed to open the breaker’s contacts. 

Thermal elements require some of the heat to be dissipated 


before they can be reset after having tripped. This means that 
when a breaker trips on thermal element (due to a running over- 
load) it may need a few minutes to cool off before it can be reset. 


MAGNETIC TRIP ELEMENT 


The trip unit is the brain of the breaker. It consists of the 
components necessary to automatically open the circuit when an 
overcurrent is sensed. Generally, a magnetic sensing element, or 
both a magnetic and a thermal sensing element will be included 
in the trip unit. 

When a breaker has only a magnetic sensing element, it is 
a non-delay instantaneous trip type. With this type of circuit break- 
er, no delay has been intentionally designed into its operation. 
These devices have a magnetic coil that surrounds a moveable 
plunger which is held in place by a spring. The circuit current 
flows through the magnetic coil and when it produces a pull on the 
plunger greater than the retaining spring, it will move the plunger 
which results in the device’s contacts opening. 

When an OCPD has only a magnetic sensing element it 
will provide protection only from short circuit level currents and 
not from overload level currents. These types of devices are 
called motor circuit protectors (MCP). They are used when run- 
ning overload protection is provided by a device such as a three 
phase motor starter with thermal overload relay-heater elements. 
When a circuit breaker has tripped on the magnetic element it 
can be immediately reset. One should not reset a breaker more 
than twice without correcting the cause of the fault. To do so may 
result in serious personal injury. 


HYDRAULIC MAGNETIC TRIP ELEMENTS 


Some brands of circuit breakers use a hydraulic fluid (sil- 
icone) type of current sensing element. With this type of sensor, 
a wire is coiled around an oil filled cylinder containing a piston, 
which is connected on one end to the breaker’s trip unit. This 
forms a magnetic coil through which load current flows. The pis- 
ton is held in a position by a spring. When current flows in the 
coil, a magnetic field is created that pulls the piston deeper and 
deeper into the coil. As the current in the circuit increases, so 
does the coil’s magnetic field strength, the spring is compressed, 
drawing the piston deeper into the coil, increasing the coil’s mag- 
netic field. As plunger movement progresses, the fluid tends to 
oppose rapid movement of the piston in the cylinder. 

By varying the fluid’s viscosity the manufacturer can alter 
the amount of opposing retarding force. This, in turn allows the 
amount of time delay to be varied. By changing the size of the 
coil wire and number of wraps of the wire in the coil, the amount 
of force (MMF) created by the magnetic field can be changed. 
(Changing either or both the quantity of amps, or the number of 
turns of the wire changes the amount of pull produced by a elec- 
tro-magnetic coil.) 

Manufacturers using this type of element design can offer 
the protection of a quick responding magnetic element and the 
time delay of a thermal element in their breakers without using a 
bi-metal element. 
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METHODS OF MOUNTING CIRCUIT BREAKERS 


L.W. Brittian 


Methods used to mount circuit breakers fall into three gen- 
eral groups: fixed, removable, and drawout. A review of these 
mounting methods follows. 


FIXED MOUNTED CIRCUIT BREAKERS 


A circuit breaker that is bolted in its enclosure and wired to 
the load frame is a fixed mounted circuit breaker. These units are 
typically rated 600 volts or less and are front mountable. Power is 
provided to the breaker typically by wires or sectional type bus 
bars. Power feeding the circuit breaker must be turned off in order 
to physically remove the fixed mounted breaker. 


REMOVABLE MOUNTED CIRCUIT BREAKERS 


A removable circuit breaker has two parts, a base, which 
is bolted to and wired to the frame, and the actual breaker which 
has insulated parts that electrically mate with the base. This 
means of mounting allows the unit to be replaced without re- 
wiring the unit on the line side of the breaker. This type of 
mounting is typically used for breakers rated 600 volts or less. 


DRAWOUT MOUNTED CIRCUIT BREAKERS 


A drawout circuit breaker also has two parts, the base, 
which is bolted and wired to the frame and the actual breaker 
which slides into and electrically mates with the base. This allows 
the unit to be replaced without having to turn off the power feed- 
ing the breaker. The load must be turned off in order to test, 
remove or replace the unit. 

As a safety feature, these units are interlocked to automatical- 
ly turn the power off just before removal of the breaker begins. By 
design, only the circuit breaker’s load must be turned off to remove 
the breaker. This method of mounting allows for a single breaker to 
be disconnected from the power supply. That is to say, 1t does not 
require that all of the power be disconnected from all of the breakers 
installed in the larger enclosure such as a motor control center. 

There are various designs used to facilitate the “racking-in” 
(installation) and “racking out”(withdrawal) of the drawout type cir- 
cuit breaker. Commonly, some form of jacking screw is used to initial- 
ly move and thus electrically disengage the breaker, and then a travel- 
ing trolley type of hoist (somewhat like a small boat winch) supports 
the breaker during removal and re-installation. A transient supporting 
device is necessary as these sizes of breakers are too heavy and too 
bulky to be safely moved into and out of position by one person. 


METHODS OF SECURING CIRCUIT BREAKERS 


Circuit breakers are typically secured in place by one of 
the following methods: 

e Through bolts 

e Stab locked to the bus or some type of receptacle connection 

e Bolted to the bus 

e Din rail mounted 


STAB LOCK TYPE BREAKERS 


This type of breaker employs a male-female type of plug 
& receptacle connection to a metal bus bar on one end. The 
opposite end of the breaker is mated to the enclosure housing and 
does not make electrical contact with the bus bar. These types of 
breakers are found in homes and light commercial applications 
installed in load centers. With this method of mounting, some 
movement of the breaker is normal. 

This small amount of breaker case movement is typically 
1/8 of an inch or less on the bus bar end. The circuit conductor 
termination lug may also exhibit some minor movement of the 
termination lug; again normally this movement is less than about 
1/8 of an inch. 


BOLTED TYPE BREAKERS 


When a longer service life breaker is wanted, a bolted type 
is typically used. These types have a metal tab (one for each 
phase) sticking out from one end that is bolted to the bus bar with 
a machine screw (bolt type fine threads and not sheet metal screw 
type steep pitch threads). When replacing these types of breakers, 
the retaining bolts or machine screws will have power on them 
unless power to the entire panel board has been removed. 

It is not uncommon for some individuals to initially deter- 
mine that it is necessary to replace these types of breakers with 
power still applied to the bus bars. When this type of breaker 
must be replaced with power still applied to the bus bars, it 
should be done only under strict safety procedures, using proper 
personal protective equipment and double insulated tools (every 
day plastic handle screwdrivers must not be used). A detailed job 
safety analysis should be conducted before any hot work is 
undertaken. Take the time you need to be safe. 


DIN RAIL MOUNTED BREAKERS 


With this method, a mounting rail is secured to the enclo- 
sure and the breaker is snapped onto the mounting rail. This 
allows for replacement to be made quickly as the device can be 
unclipped and a new one clipped onto the DIN rail. Conductors 
for the supply and load are typically secured to the breaker using 
pressure connectors that are tightened by some type of threaded 
fastener. While not as easy to replace as, say, a stab-lock type 
breaker, it does allow for some saving of time, both during panel 
building and individual breaker replacement later on. 

The letters DIN stand for German Industry Standards. Din 
rails are available in more than one physical size. The DIN rail 
mounting method is increasingly replacing through-bolt, foot, 
and plate mounting methods once more commonly used. 
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ADVANCED LOW-VOLTAGE POWER CIRCUIT 
BREAKERS AND STANDARDS 


Eaton — Cutler Hammer 


The Magnum DS Family of low voltage power circuit 
breakers is not an extension of any other low voltage design 
(Figure 1). It is at the forefront of technology and development. 
For this reason, it is 
an excellent design to 
discuss when certain 
specific examples are 
required in this mod- 
ule. Keep in mind, 
however, all low- 
voltage power circuit 
breakers do not nec- 
essarily offer as 
many features or use 
the same advanced 
technology as Magnum DS. Even though this might be the case, 
it does not mean that another design does not qualify as a low- 
voltage power circuit breaker, or that there are not other capable 
low-voltage power circuit breakers. 

Magnum DS is a low voltage power circuit breaker. It is 
built and tested to all applicable ANSI Standards for low voltage 
AC power circuit breakers and Underwriter s Laboratories Listed. 
Because of its flexible design, an /nternational Electrotechnical 
Commission rated version of Magnum DS is also available to 
address international requirements. This IEC version is called 
Magnum. Everything that is expected of an ANSI rated low volt- 
age power circuit breaker is delivered by Magnum DS, and then 
some. 

You will recall earlier in the handbook the areas that 
might set a low-voltage power circuit breaker apart from other 
types of low-voltage circuit breakers. Namely: 

e Method used to make and break circuits 

e Ratings 

e Construction/Maintainability 

e Integrally Mounted Trip Units 

e Operating Mechanisms 

e Testing 

In the article starting on page 19 you were introduced to 
the primary factors that make the low voltage power circuit 
breaker unique. Other factors and methods that were rather com- 
mon with low-voltage power circuit breakers but not necessarily 
unique were also covered. You will revisit a number of the areas 
just mentioned. Each topic discussed, however, will be presented 
in more detail with special emphasis placed on those factors that 
set the low-voltage power circuit breaker apart from other types 
of low-voltage circuit breakers, such as molded case and insulat- 
ed case circuit breakers. The general topics to be discussed are: 

e Standards and Testing 

e Construction Methods 

e Ratings and Performance 

e Operational Techniques 

















Figure 1. Magnum DS Family of Low-Voltage Power Circuit 
Breakers 2 Frame Sizes (800 Through 5000 Amperes) 


e Integral Trip Unit 

e Applications 

e Low Voltage Power Circuit Breaker Summary 

The last section reiterates many of the facts learned with 
special attention given to the unique factors associated with low 
voltage power circuit breakers. This summary can serve as a 
review and a future quick reference. 


STANDARDS AND TESTING 


There are standards that are applicable to low voltage 
power circuit breakers and testing to prove compliance 
by a specific low voltage power circuit breaker design. These 
standards and testing go to the heart of the matter. This is true 
from three very important standpoints: 

1. This is the industry’s determination as to whether or not 

a particular circuit breaker design is capable of meeting 
a wide range of published operational and physical 
requirements. 

2. The proven and stated compliance to specific standards 
tells potential users that the equipment from the manu- 
facturers under consideration all meet certain basic 
standards, which makes the user's evaluation process 
much simpler. Once this determination is made, a par- 
ticular manufacturer can still gain an evaluated advan- 
tage by offering additional unique features and/or an 
operational design approach preferred by the user. 

3. It is a solid way of defining specific types of circuit 
breakers within a larger general grouping. For example: 
The larger general grouping is “Low-Voltage Circuit 
Breakers”. Specific types within the Low-Voltage 
Circuit Breaker grouping would be “Low-Voltage 
Power, Insulated Case, Molded Case and Miniature”. 

As you can see, when a specific type circuit breaker is 
specified, such as a low-voltage power circuit breaker, the spec- 
ifier already knows what the base expectations are from each 
manufacturer. 

A map of the world showing the standards most influen- 
tial in different parts of the world can be seen in figure 2. It bears 
revisiting the map again to emphasize the importance, in today’s 
global economy, of having flexible designs capable of comply- 
ing with all major standards around the world. The emphasis will 
be primarily on ANSI and IEC Standards. You should never lose 
sight of the fact, however, that there are a number of other stan- 
dards that can play a critical role in determining what equipment 
is acceptable for application in a given area of the world. Even 
local and/or individual city codes and requirements may have to 
be considered. 

In previous modules, references other than ANSI and IEC 
were made with respect to standards and testing, such as UL, 
IEEE. There is a strong relationship between ANSI, UL and 
IEEE. As a matter of fact, you will notice in manufacturers’ pub- 
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Figure 2. Most Influential Standards Worldwide 


lications for low-voltage power circuit breakers and even low- 
voltage metal enclosed switchgear references made to all. The fol- 
lowing two samples are typical statements you might encounter 
when reading publications for both the power circuit breaker and 
the metal enclosed switchgear: 

Typical Low-Voltage Power Circuit Breaker 
Statement: “Type XYZ low-voltage power circuit breakers are 
UL listed, and built and tested to applicable NEMA, ANSI, IEEE 
and UL standards (ANSI C37.50, C37.13, UL 1066).” 

Typical Low-Voltage Metal Enclosed Switchgear 
Statement: “Type XYZ low-voltage metal enclosed switchgear 
conforms to NEMA SG3, NEMA SG5, ANSI C37.20.1, ANSI 
C37.51 and UL1558.” 

It may seem to you like a confusing web at this point. 
Once the relationship is understood, it will be clear as to why 
these references are made. There will be no detailed discussion 
of the standards relating to low voltage metal enclosed here, only 
those relevant to the power circuit breaker. Keep in mind, how- 
ever, it works the same way. The standards state different 
requirements for the different pieces of equipment, but the intent 
is the same — an uncompromised piece of equipment with 
proven performance capabilities. 

For the purpose of this section, let’s identify the key players 
as a minimum and elaborate on a couple. This should not be con- 
sidered as a substitute for the standards themselves. For a full 
explanation of any standard, consult the standard itself for details 
and proper conformance instructions. 


IEEE (INSTITUTE OF ELECTRICAL AND ELECTRONIC ENGINEERS) 


e IEEE is an objective technical organization made up of 
manufacturers, users, and other general interest parties. 
e IEEE defines technical definitions, technical require- 
ments, temperature limits, altitude correction, insulation 
limits, and service conditions. For electrical equipment, 
including switchgear, it supplies the test requirements for 
the low voltage power circuit breaker construction and 
test standards, namely ANSI C37.13 and ANSI C37.50. 


NEMA (NATIONAL ELECTRICAL MANUFACTURERS ASSOCIATION) 


e NEMA is an electrical equipment manufacturer only 
organization, such as Cutler-Hammer, General Electric, 
and Square D. NEMA defines preferred ratings, related 
requirements, and application recommendations. 

e NEMA Standards normally cover additional information 
about a product of specific interest to the manufacturing 
community, which the American National Standards 
Committee does not include in its scope. NEMA votes on 


the suitability of standards for ANSI designation and 
adopts, by reference, the appropriate American National 
Standards. 

¢ The applicable low voltage power circuit breaker NEMA 
Standard is SG-3, and it adopts ANSI C37.16 in its 
entirety. 


UL (UNDERWRITERS LABORATORIES INC.) 


e UL is an independent, non profit, third party testing and 
certification company headquartered in Northbrook, 
Illinois. It functions to develop standards and to insure 
that equipment meets relevant published standards. 

e UL also adopts otherwise recognized standards, and, in 
some instances, develops their own independent certifica- 
tion tests. In the case of low voltage power circuit break- 
ers, the UL Standard is UL1066, which was previously 
mentioned. UL1066, entitled “Standard for Low Voltage 
AC and DC Power Circuit Breakers Used in Enclosures,” 
calls for testing to demonstrate compliance with 
ANSI/IEEE C37.13 without change. A UL Label is affixed 
to the circuit breaker to indicate successful compliance. 


(SA (CANADIAN STANDARDS ASSOCIATION) 


e The Canadian Standards Association falls into the cate- 
gory of a major international standard. Its design and 
testing requirements are essentially the same as required 
by UL. In fact, harmonization programs between UL 
and CSA are ongoing to close the gap and/or eliminate 
differences. The Canadian Standards Association stan- 
dard most associated with low voltage power circuit 
breakers is CSA 22.2-31 for Switchgear Assemblies. 


ANSI (AMERICAN NATIONAL STANDARDS INSTITUTE) 


ANSI is the key to low voltage power circuit breakers. It 
is the recognized North American Authority on equipment 
standards. 

ANSP’s Purpose — ANSI is a nonprofit, privately-funded 
membership organization that coordinates the development of 
U.S. voluntary national standards, called American National 
Standards. It is also the U.S. member body to the non-treaty 
international standards bodies, such as the International 
Organization for Standardization (ISO) and the International 
Electrotechnical Commission (IEC). ANSI serves both the pri- 
vate and public sector’s need for voluntary standardization. 

ANSP" History — The institute was founded in 1918. It 
was prompted by the need for an umbrella organization to coor- 
dinate the activities of the U.S. voluntary standards system and 
eliminate conflict and/or duplication in the development process. 
The institute serves a diverse membership of over 1,300 companies, 
250 professional, technical, trade, labor and consumer organiza- 
tions, and some 30 government agencies. 

A simple yet very typical example of why ANSI came 
into existence can be related to the low-voltage power circuit 
breaker. In the early days of low-voltage power circuit breaker 
development, manufacturers and users were building and apply- 
ing equipment with little thought given to uniform performance 
or design standardization. The C37 standard was developed and 
implemented to establish minimum performance standards for 
the circuit breaker and its physical design features. 

The standard was meant to address even the smallest 
detail. A close button, for example, might not say close on it or 
it varied in color from one manufacturer to the next. These incon- 
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sistencies in design made products confusing for use by cus- 

tomers. This might seem to be one trivial point, but you can 

imagine how big the problem would be when compounded with 
every aspect of a low-voltage power circuit breaker. 

ANSI’s Functions — ANSI functions to: 

e Coordinate the self-regulating, due process consensus 

voluntary standards system 

e Administer the development of standards and approve 

them as American National Standards 

e Provide the means for the U.S. to influence development 

of international and regional standards 

e Disseminate timely and important information on 

national, international and regional standards activities 
to U.S. industry 

These standards are intended to provide guidance, direc- 
tion and requirements. Compliance to these standards does not, 
nor is 1t meant to, limit manufacturers in construction, materials, 
or the technology used. 

Specifically relating to power circuit breakers, ANSI stan- 
dards are written by either the IEEE Switchgear Committee or 
NEMA. The electrical standards written by both of these organ- 
izations are reviewed and clarified by the Accredited Standards 
Committee (ASC) for power switchgear and power circuit break- 
ers. The ASC standards group is entitled C37. 

ANSI Defined Standards for Low-Voltage Power 
Circuit Breakers — Although there are a multitude of ANSI 
standards relating to many different types of equipment, only 
those standards relating to low voltage power circuit breakers are 
outlined here. The intent is to make you aware of just how many 
are applicable to just one category of electrical equipment. You 
will notice that each standard is followed by a specific year. As 
additions or changes are made to a standard, the year is altered to 
indicate the latest version. Obviously, staying on top of the latest 
version is an ongoing process. You should also note that each 
standard is given a broad word definition. 

. ANSI/IEEE C37.13-1990, “Low-Voltage AC Power 
Circuit Breakers Used in Enclosures” 

2. ANSI C37.16-1997, “Preferred Ratings Related 
Requirements and Application Recommendations for 
Low-Voltage Power Circuit Breakers and AC Power 
Circuit Protectors” 

. ANSI C37.17-1997, “Trip Devices for AC and General 
Purpose DC Low-Voltage Power Circuit Breakers” 

. ANSI C37.50-1989, “Test Procedures for Low-Voltage 
AC Power Circuit Breakers Used in Enclosures” 

. IEEE Standard C37.100-1992, “IEEE Standard 
Definitions for Power Switchgear” 

6. IEEE C37.20.1-1993, “Standard for Metal-Enclosed 
Low-Voltage Power Circuit Breaker Switchgear” 

. ANSI C37.51-1989, “Standard for Switchgear — 
Metal-Enclosed Low-Voltage AC Power Circuit 
Breaker Switchgear Assemblies — Conformance Test 
Procedures” 

8. NEMA SG-3-1981, “Low-Voltage Power Circuit 

Breakers” 
9. UL1066-1993, “Standard for Low-Voltage AC and DC 
Power Circuit Breakers Used in Enclosures” 

This lengthy list gives you some indication why it is a 
matter of practicality when a manufacturer states that a piece of 
equipment is built and tested to all applicable NEMA, ANSI, 
TEEE and UL standards. It was also mentioned that a great deal 
of referencing to other standards takes place within the body of 
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a specific standard. Successful testing and compliance with 
respect to one standard often includes automatic compliance 
with other standards. It is worth repeating one of the examples 
given. 

Example: ANSI C37.13 details the physical attributes, 
such as Stored Energy, that a low-voltage AC power circuit 
breaker must have to comply. At the same time, ANSI C37.50 
references C37.13 and details how the described circuit breaker 
should be tested. The key here is that successful testing in keep- 
ing with ANSI C37.50 brings with it compliance to C37.13. 
There is no need to mention C37.13, when it is stated that the cir- 
cuit breaker complies with C37.50. 


IEC (INTERNATIONAL ELECTROTECHNICAL COMMISSION) 


IEC presides over the standardization of equipment for a 
number of other parts of the world. In view of today’s global 
markets, there is a significant amount of interaction between the 
organizations just mentioned and IEC. 

IEC 947-2 is a multi-part international testing standard 
covering a variety of devices, including circuit breakers of all 
types. It is entitled “Low-Voltage Switchgear and Controlgear”. 

As far as IEC is concerned, every device tested to IEC 
947-2 must be subjected to several test sequences in order to be 
approved. Because IEC 947-2 covers both low-voltage power 
circuit breakers and low-voltage molded case circuit breakers, 
the exact test sequences performed are not necessarily the same. 
They depend on the category of the device. 

Category A Device — In general, this is a device without 
a short time Withstand Rating, such as a molded case circuit 
breaker. 

Category B Device — This is a device with a short time 
withstand rating, such as a power circuit breaker and certain 
molded case circuit breakers. Typically, these devices are 
referred to as Air Circuit Breakers or just ACBs. 

IEC 947-2 was developed with assistance from members 
of the U.S. National Committee. Still, a number of significant 
differences exist between IEC 947-2 and applicable ANSI stan- 
dards. In particular, the various ratings of a circuit breaker can 
differ when tested to each standard. Therefore, any product 
comparisons made between products tested to these different 
standards (domestic versus international) should only be made 
with a thorough understanding of the differences. 
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FUSES — THE DINOSAURS OF CIRCUIT PROTECTION 


Roger H. Edelson, Senior Technical Writer, Pulizzi Engineering, Inc. 


In the interest of saving space and reducing costs, some 
designers of power distribution/power controllers select fuses as 
opposed to electro-magnetic circuit breakers as a method of cir- 
cuit protection. While there is little dispute that fuses can be sub- 
stituted as overcurrent protection devices in place of more expen- 
sive, and larger circuit breakers, the purchaser of these power 
controllers must also consider the overall protection reliability of 
the system design and the total cost of ownership. Both devices 
will react to a current overload condition in approximately the 
same time (around one-half of a 60 Hz A.C. cycle) and both can 
be specified with comparable overcurrent trip limits. Also, if prop- 
erly designed, both overcurrent protection devices will protect 
both local and upstream circuits. Power distribution units con- 
forming to UL60950 or UL60950-1 standards must use circuit 
breakers or fuses rated as “Branch Circuit Protectors’ according 
to NEC or UL listing. The appropriate circuit breaker type is a 
UL489 listed unit and the appropriate fuse type is a UL248 list- 
ed JDDZ fuse classified for branch circuit protection. Circuit 
breakers, however, provide a wider variety of protection capabil- 
ity and are available in a greater range of trip characteristics. 

Using the configurability options of the electro-magnetic 
circuit breaker allows the designer to include additional contacts 
which may be used to signal the on, or off, state of the breaker, a 
capability not available with the fuse. Magnetic circuit breakers 
are less susceptible to temperature variations than fuse elements 
and can carry full rated current without false tripping. They can 
also provide manual switching control, thereby removing the 
need for an extra component, and the lever position visually indi- 
cates the present status: off, on or tripped due to a fault condition. 
Resetting a circuit breaker is a simple physical operation (in most 
cases, push the lever to the full “OFF” position, and then back to 
the “ON” position). Whereas, a fuse must be removed if it has 
‘blown’, so the entire unit must be powered down in order to 
access the fuses for servicing. This is a labor intensive and time 
consuming activity which also results in down time for all of the 
controlled equipment. This problem can be further escalated 
should the replaced fuse “blow” immediately upon power up. 
Figure 1 illustrates the ease with which the circuit breaker can be 
reset from the front panel of the Power Distribution Unit, while 
the fused unit must be accessed from the rear and a protective 
panel must be removed in order to replace the fuse. A properly 
sized (both physically and electrically) replacement fuse must be 
located and installed. 

In order to be prepared for a service interruption caused 
by a blown fuse, replacement fuses must be ordered and stocked. 
In most installations this will require the stocking and inventory 
of multiple fuse types and current ratings adding to the lifetime 
cost of the system both in monetary outlay and physical space. 
Because there are no replaceable elements in a circuit breaker, 
service personnel cannot be tempted to override the protection by 


using a higher amperage or non-fusible device. As this is usual- 
ly done at the end-user (or service technician level) under a short 
time constraint, the possibility of substituting an inappropriate 
rated device tends to increase which may ultimately result in an 
electrical fire. 

Circuit breakers do not show significant aging effects 
from repeated near overcurrent events while a fuse when subjected 
to the same environment may show a reduction in the fusible cur- 
rent limit. Increases in temperatures forming localized hot spots 
in an equipment rack, or data center, can result in the fuse blow- 
ing below its rated value. These hot spots do commonly occur in 
commercial and industrial settings. In some instances, fuses can 
explode under extremely high overload and when this happens, 
the resulting metallic vapor cloud can become a conducting path. 
This can result in an aberrant circuit path which could result in 
melted wiring or may spark a fire. In view of these conditions, 
another important advantage of the circuit breaker is that it can 
be tested, and there is no way this can be done with a fuse. While 
you can test vast quantities of similar fuses, all this will do is pro- 
vide some assurance of manufacturing quality and repeatability; 
it is no substitute for a test of the actual protective limiting device 
in the power controller. 

In summary, while circuit breakers are larger and more 
expensive than the older technology embodied in a fuse, they pro- 
vide an external visible indication of a trip condition, an easy 
method of reset, application as an on/off control, a wider range of 
configurations and testability. When making the choice between 
these two protective elements, the user must be cognizant of these 
differences and the resulting total protection reliability and cost of 
implementation. 














Figure 1. Fused Unit vs. Circuit Breaker PDU 
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CIRCUIT BREAKERS - ARE YOU PROTECTED? 


Kevin S. Arnold, P.E., Cooper Bussmann, Senior Electrical Engineer 


Denser cabinets with high power devices are driving 
today’s power distribution needs. 

As this high density trend continues, 208 V power and 3- 
Phase 208 V power is being brought down to the cabinet level. 
Most organizations consider this equipment mission critical with 
downtime measured in thousands of dollars for each minute a 
system is unavailable. With so much at risk, a better understanding 
of overcurrent protection and the differences between fuses and 
circuit breakers protection is key to maintaining uninterrupted 
service when implementing cabinet level power distribution units 
(PDU’s). 

There are several approaches to providing overcurrent 
protection. This paper focuses on the differences between using 
fuses and circuit breakers. To explore this topic further selective 
coordination, component protection, maintenance, resettability 
and other issues are discussed. 

Overcurrent protection is driven by the standard UL60950-1, 
Clause 2.7 which states that “standard supply outlets and recep- 
tacles shall be protected by an overcurrent protective device in 
either the equipment or the branch circuit, rated not more than 
the outlet or receptacle. The overcurrent protective device shall 
be of a type that is suitable for branch circuit protection in accor- 
dance with the National Electrical Code (NEC) ANSI/NFPA 70...” 

Branch circuit protective devices typically fall into two 
categories, molded case circuit breakers listed to UL489, or fuses 
listed to UL248. By definition, a circuit breaker is a means of 
automatically opening a circuit at a specified level of overcurrent, 
on either an overload or a short circuit condition. Fuses are also 
designed to open the circuit at specified levels of overcurrent. 
Fuses are typically the less costly up-front solution, and are 
replaced after each occurrence. Breakers are typically the more 
costly upfront solution and if listed to UL489 are large, bulky and 
do not fit into a 1U enclosure.. 


SELECTIVE COORDINATION 


Proper selective coordination eliminates unnecessary 
power outages and reduces costly downtime. Selective coordina- 
tion is the act of isolating a faulted circuit from the remainder of 
the electrical system, while maintaining uninterrupted power to 
the unaffected circuits. The faulted circuit is isolated by the 
selective operation of only that Overcurrent Protection Device 
(OCPD) closest to the over current condition. 

Fuses open the circuit when they ‘see’ a specific level of cur- 
rent passing through the fuse. Lower amperage rated fuses require 
less energy to open the circuit than higher amperage rated devices. 
This allows fuses to be very easy to selectively coordinate. 

Circuit breakers require a coordination study to ensure 
selective coordination. 

Overlap of circuit breaker trip curves between the 
upstream and downstream devices often results in simultaneous 
operation of both devices. A circuit breaker system will clear the 


fault condition and open the circuit, but it will also remove power 
to all of the remaining loads being served by the PDU. 


COMPONENT PROTECTION 


According to the NEC 110.10, overcurrent protection 
devices shall be selected to permit the OCPD to clear a fault 
without damage to the electrical components of the circuit. By 
reducing the amount of energy that passes through to the protected 
device, you decrease the damage that reduces repair and down- 
time. In order to successfully protect sensitive equipment, the 
upstream overcurrent protective device needs to be able to operate 
in a very short amount of time, and consistently limit the amount 
of fault current/energy, which passes through to the downstream 
devices. 

Fuse operation is based on a simple thermal principle; the 
internal fuse element will rapidly melt/vaporize, at a very specific 
level of energy. This amount of energy is well below the total 
amount of energy potential available during a faulted condition. 
The resultant clearing time and the subsequent let-through cur- 
rent is significantly reduced which results in less energy than 
a downstream component is required to withstand. Per UL248 
listing, fuses are required to meet maximum allowable energy let 
-through values under fault conditions, which allows for excel- 
lent protection of components. 

Most thermal magnetic molded case circuit breakers are 
not listed and marked as current limiting. They do not interrupt 
short circuit currents in less than a half cycle, and typically 
require a full cycle to clear a fault condition. This means that the 
full peak current and energy of the first cycle of the fault will be 
let-through. Per UL489 listing, standard thermal magnetic mold- 
ed case circuit breakers are not tested to limit the maximum 
amount of energy let-through to downstream components. 


MAINTENANCE 


Proper maintenance of overcurrent protection devices, as 
specified by the manufacturer, is critical to effectively and con- 
sistently operate within manufacturing specifications in the event 
of an overcurrent condition. Fuses do not require maintenance. 
Molded case circuit breakers require periodic inspection and 
manual operation as part of their prescribed maintenance proce- 
dures. Failure to manually exercise the mechanism can cause the 
breaker to open slower than specified or not operate. 

The causes for this can be numerous, but one cause is that 
internal lubricants begin to thicken and harden. Most manufac- 
turers recommend that if a molded case circuit breaker has not 
been operated, opened or closed, within six months time, it 
should be removed from service and manually exercise the 
mechanical operation and the tripping mechanism. “If operated 
outside of its ratings or without proper maintenance, catastrophic 
failure of the power system, circuit breaker, or switchgear can 
occur causing not only the destruction of the equipment but seri- 
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ous injury to or even death of employees working in the area.” (Refer 
to Dennis Kneitzel’s white paper at: 


http://www.bussmann.com/library/arcflash/PDMaintPaper.pdf) 

Because of the highly engineered yet simple design, fuses 
ship from the factory calibrated to a very specific set of operat- 
ing parameters. This ensures that the fuse will operate as speci- 
fied without maintenance and upkeep concerns. 


INTERRUPTING RATING 


According to NEC 110.9 “Equipment intended to interrupt 
current at fault levels shall have an interrupting rating sufficient for 
the nominal circuit voltage and the current that is available at the 
line terminals of the equipment.” Failure to comply can result in 
catastrophic failure of the overcurrent protective device, which 
will require replacement of the entire PDU, and an immediate loss 
of power. Worst case examples could result in a fire and/or explo- 
sion. All modern current-limiting fuses listed to UL248 employ a 
simple and reliable method of current-limitation and are able to 
easily achieve interrupting ratings of 100,000 amps or higher. 
Standard UL489 Circuit Breakers typically tested to safely inter- 
rupt much lower levels of fault current, and are not inherently cur- 
rent limiting. 


VENTING 


When operating under a short circuit condition, as the 
contacts of a circuit breaker separate, an arc is created between 
the contacts. The circuit breaker utilizes arc-chutes to divide and 
dissipate the resulting arc. As a mechanical device, the breaker 
cannot internalize the resultant expansion of ionized gases. 
These must be vented ‘safely’ from the breaker into the sur- 
rounding equipment. These hot ionized gases can potentially 
damage other sensitive components. Fuses are required and listed 
under UL248 to contain any violence or fire that occurs during 
the internal arc that is created when the fuse opens under a short 
circuit condition. This includes maximum amounts of physical 
deformity, of which very little is allowed. 


PHYSICAL ATTRIBUTES 


The fuses utilized in many PDUs have a very specific 
physical footprint and rejection style fuse holder that prevents 
the wrong fuse from being installed. This prevents unqualified 
personnel from replacing an open fuse with a different fuse that 
may not provide the correct level of protection. PDU suppliers 
such as Server Technology utilize a Class G fuse, UL specifica- 
tions file #E42730, which provides a very high degree of current 
limitation. Class G fuses have unique dimensions. Also, the 
dimensions are different based upon the continuous amperage 
rating of the fuse. After a fault occurs, fuses are replaced assur- 
ing the same level of protection that existed previous to the fault. 
This ensures a high level of protection and reliability, without 
concern for maintenance and potential mechanical damage 
inherent to re-settable OCPDs. 


RESETTABILITY 


There are several misconceptions concerning the suitability 
for using re-settable devices for reliable overcurrent protection. 
Per OSHA 1910.334(b)(2) after a circuit has been de-energized 
by the operation of a circuit protective device, the circuit may not 
be reenergized until it has been determined that the circuit can be 
safely energized. A qualified person is required to determine the 
cause of the overcurrent condition and, in the event of a short-cir- 
cuit, fix the problem prior to reenergizing the circuit. Circuit 
breakers that have interrupted a fault approaching their listed rat- 
ings shall be inspected and tested to the manufacturer’s instruc- 
tions according to NFPA70E 225.3. After a circuit breaker safe- 
ly interrupts one short circuit fault, the breaker needs to be eval- 
uated to determine if it can safely be put back into service, and it 
may need to be tested in order to determine if it will safely inter- 
rupt a short circuit in the required amount of time. This testing 
can involve taking the PDU out of service and taking the break- 
er out of the PDU. In some cases the breaker may need to be dis- 
carded and replaced. 


ENVIRONMENTAL TEMPERATURE CONCERNS 


Fuses and many circuit breakers use thermal principles to 
sense overcurrent in a circuit. External temperature can affect the 
opening time of the OCPD, and could cause potential nuisance 
opening of the device. For applications in data centers, the envi- 
ronment is very carefully controlled and the temperature has not 
been a concern. 


CONCLUSION 


When making the selection of overcurrent protection 
devices for applications such as power distribution for critical 
circuits; selective coordination, component protection, and main- 
tenance must be taken into consideration. Fuses offer easy and 
reliable selective coordination, superior component protection and 
zero maintenance. Fuses are a simple, proven and effective means 
of providing reliable overcurrent protection, and reducing the ener- 
gy let-through to sensitive downstream equipment. This will 
improve safety, decrease downtime, and maintain company prof- 
itability. 
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OVERLOAD OR SHORT CIRCUIT PROTECTION? 
HOW TO PROTECT YOUR DESIGN AGAINST BOTH DANGERS 


E-T-A Circuit Breakers Ltd. 


OVERLOAD OR SHORT CIRCUIT PROTECTION? 


Short circuits and overloads put different demands on cir- 
cuit breakers. It is imperative that engineers know how to protect 
their design against both dangers. 

Circuit breakers are used in a variety of ways. They are 
mounted in panelboard to protect branch circuit wiring, and they 
are built into equipment to protect it. With this range of applica- 
tions, it’s not surprising that a circuit breaker must provide both 
short circuit and overload protection. 

Interrupting a short circuit current that’s limited only by the 
resistance of the wiring is a very severe test of a circuit breaker, 
and if the interrupting capacity of the breaker is not adequate, the 
device can literally explode. Overload currents that reach 2 to 5 
times the normal rating of the breaker are handled differently, 
and very often the circuit breaker must carry the current for an 
appreciable time without tripping. This article will give pointers 
on how to determine the main job a breaker must do and how to 
make an appropriate selection. 

Protection against shorts and overloads is the largest con- 
cern when choosing a circuit breaker. Branch circuits fed from a 
480V main need protection against short circuit currents measured 
in tens of thousands of amperes. For that reason, panelboards are 
equipped with circuit breakers for branch circuit protection that 
are listed under UL 489, “Standard for Molded-Case Circuit 
Breakers and Circuit Breaker Enclosures,” and rated to interrupt 
fault currents from 5,000 to 50,000 amperes or higher. 

A circuit breaker installed inside a piece of equipment is 
generally there to protect the equipment itself, and the applicable 
standard should be UL 1077, “Standard for Supplementary 
Protectors for Use in Electrical Equipment’. In UL terms, UL 
1077 compliant devices are called “supplementary protectors”, 
and are labeled as “recognized components” (not “listed”), and 
are identified with the symbol. They are often called “circuit 
breakers for equipment” (CBEs). While both UL 489 breakers 
and UL 1077 devices protect against both shorts and overloads, 
UL 1077 devices tend to concentrate more on overloads — largely 
because they are always down stream of a UL 489 breaker. 


PROTECTION AGAINST SHORT CIRCUITS 


All circuit breakers are tested for short circuits but the 
severity of a short circuit depends on where it is used in the cir- 
cuit. Not all devices will continue working after opening a short 
circuit. Standards UL 489 and UL 1077 have different require- 
ments. UL 489 requires that the breaker remains working after 
being subjected to a short circuit test, but UL 1077 and the IEC 
and EN 60934 allow for breakers to clear a short but be safely 
destroyed in the process. Whether a breaker will or will not sur- 
vive a short circuit depends on the magnitude of current involved. 

Whether it’s mentioned on the data sheet or not, every circuit 
breaker has two ratings for interrupting capacity. One specifies 





the maximum amount of current the 
breaker can safely interrupt and still 
remain operable afterwards (officially 
known as “fit for further use” or “recal- 
ibrated after testing”). Under EN 60934 
this is the PC2 rating, while under UL 
1077 it’s the SC 2 value (Fig 1). 

The other (generally much high- 
er) interrupting rating specifies the max- 
imum current that the breaker can 
interrupt safely (ie., without starting a 
fire) but may be rendered inoperable 
(“not fit for further use” or “not recali- 
brated after testing”). Under EN 60934 
this is the PC1 rating, while under UL 
1077 it’s the SC1 value. Some manu- 
facturers publish both ratings, but 
many do not. 


PROTECTION AGAINST OVERLOADS 


Overloads can be short-term or long-term. The protective 
device chosen must not trip on momentary or short-term over- 
current events that are normal for the piece of equipment it is 
protecting. Electronic devices, for example, may create inrush 
currents as their internal power supply and filter circuits start. 
These inrush currents typically last only a fraction of a second 
and seldom cause a problem. Another class of short-term over- 
currents is a motor starting surge. Most motors, especially those 
that start under load, draw several times their normal current 
when starting. Other overcurrents may last even longer, and still 
be part of normal operation. A piece of motor-driven equipment, 
for example, may draw 50% more than normal current for several 
minutes at a time and the breaker should not trip under these con- 
ditions. If the overload lasts longer than normal, the breaker 
should open to prevent overheating and damage. What gives the 
breaker the ability to discriminate between normal and damaging 
overcurrents is the delay curve. 


DELAY CURVES 


There are four choices of delay curves in circuit breakers: 
thermal, thermal-magnetic, hydraulic-magnetic, and magnetic. 
Each has a different trip profile in relation to time and current, 
and each has distinct mechanical characteristics. 

Thermal breakers incorporate a heat-responsive bimetal 
strip or disk. 

This type of technology has a slower characteristic curve 
that discriminates between safe temporary surges and prolonged 
overloads. It is appropriate for machinery or vehicles where high 
inrush currents accompany the start of electric motors, trans- 
formers, and solenoids. There are some thermal circuit breakers 
with hot-wire elements, which provide faster switching. They 








Figure 1. The E-T-A 2210-S 
thermal-magnetic circuit breaker 
can interrupt 700 amps at 277 
VAC and remain operable 
afterwards. 
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provide a low-cost solution for appliances and printed circuit 
board protection, among other applications. 

Thermal-magnetic breakers combine the benefits of a ther- 
mal and magnetic circuit breaker: they have a thermal delay that 
avoids nuisance tripping caused by normal inrush current, and a 
magnetic solenoid for fast response at higher currents (Fig. 2). 

Both standard thermal and thermal-magnetic circuit 
breakers are sensitive to ambient temperature. However, they can 
be selected to operate properly in a wide temperature range. 

A magnetic circuit breaker can be combined with a 
hydraulic delay to make it tolerant of current surges. These 
hydraulic-magnetic breakers are similar to the thermal-magnetic 
in that they have a two step response curve — they provide a delay 
on normal overcurrents, but trip quickly on short circuits. Many 
hydraulic-magnetic circuit breakers are available in a selection of 
delay curves to fit particular applications. Hydraulic-magnetic 
circuit breakers are not affected by ambient temperature, but they 
tend to be sensitive to position. These breakers should be mount- 
ed in a vertical plane to prevent gravity from influencing the 
movement of the solenoid. If mounted in a different position, 
derating may be needed. 

Pure magnetic circuit breakers operate via a solenoid and 
trip nearly instantly as soon as the threshold current has been 
reached. This type of delay curve is appropriate for sensitive 
equipment such as telecommunication equipment, printed circuit 
boards, and impulse disconnection in control appliances. 
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Figure 2. E-T-A’s 2210-5 circuit breaker is available with 
trip curves rangingfrom fast-acting to delayed thermal- 
magnetic fo a pure thermal version. 


CONCLUSION 


There are several UL standards covering circuit breakers 
and other protective devices for use in a wide variety of equipment 
types; choosing carefully can save considerable cost and provide 
protection tailored to that application. The drawback to this is 
that the designer must do more homework to select the appropriate 
device. Considering the money that can be saved, that’s probably 
time well spent. 
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FIELD TEST PROCEDURE FOR PROTECTIVE RELAYS 


UNITED STATES DEPARTMENT OF THE INTERIOR 
Facilities Engineering Branch, DENVER Office 


1. RELAY SETTINGS 


At all new protective relay installations, the relays should 
be adjusted in accordance with the settings given in the relay data 
sheets furnished by the Denver Office, after which, tests should 
be made to determine if the actual operating characteristics 
check with the adjustments made. The Denver Office, Facilities 
Engineering Branch, must be advised of field changes of relay 
settings that become necessary from time to time as system oper- 
ating conditions change to permit coordination with the Division 
of Design on future designs or revisions. Relays and relay set- 
tings are not to be changed from what is indicated on current 
issues of relay data sheets unless authorized by regional or 
project personnel with the proper responsibility. 


2. APPLYING REVISED RELAY SETTINGS 


It is necessary to revise relay settings upward from time to 
time at many stations in preparation for anticipated increased 
unit output or line loading. At such times it may also be necessary 
to make corresponding changes in backup protective equipment 
in order to maintain coordination. Under these conditions, the 
changes in the backup relays should be made first so that coordi- 
nation will not be lost during the period between beginning and 
completion of tests. This would apply whenever increased backup 
relay settings accompany changes in first-line protective equipment. 

One case has been brought to our attention where new set- 
tings were applied to line relays but, because of lack of time, the 
backup ground relay was not reset until the following day. In the 
meantime, a fault occurred on the line, and the entire station was 
interrupted because the coordination had been lost. If the backup 
ground relay had been reset before settings were changed on line 
breaker relays, this interruption would not have occurred. 

In a few rare cases, relay settings may be revised down- 
ward at a station, and, in such cases, the opposite sequence must 
be followed in order to maintain coordination. When relay set- 
tings are revised downward, apply the new settings to the line 
breakers first and to the backup relays last. 


3. NEW INSTALLATIONS 


Before placing a new installation into operation, 
polarity of instrument transformers and the wiring to the 
relays should be checked. In some cases, the manufacturer’s 
polarity marking has been found to be incorrect. New relays 
should be inspected carefully and all blocking put in by the man- 
ufacturer removed. The test man should read instruction books 
furnished by the manufacturer to become familiar with construction 
and operating principle of the relays. 

A sufficient number of initial operations should be made 
by manually operating relay contacts to make sure that all 
devices which should be operated by the relay, function freely 
and properly, including auxiliary contacts and targets within the 


relay. Breaker trip coils and other devices operated by the relay 
should be checked to see that proper operation is obtained at 
voltages considerably below normal (approximately 56 percent 
of normal voltage for breaker trip coils). The voltage drop in trip 
circuits and tripping current required should be checked. Factory 
adjustments on relays, other than taps, or other adjusting devices 
intended for customary adjustment should not be changed unless 
tests show that factory adjustments have been disturbed, in which 
case the manufacturer’s instruction books should be followed. 


4. TESTING EQUIPMENT REQUIRED 


A good set of testing equipment and relay tools is impor- 
tant. Several manufacturers now produce portable relay test sets 
that will provide excellent results. If not available on the project, 
most of the equipment necessary can be borrowed from the 
Denver Office for making relay tests. 


5. TESTING PRECAUTIONS 


Before starting to test any relay on equipment in service, 
the person testing should become familiar with the relays and 
the circuits involved. Where test blocks are used, the person test- 
ing must make sure that in removing or inserting plugs, a current 
transformer circuit will not be opened, resulting in a voltage 
being built up which may be dangerous to personnel, property, or 
equipment, or cause an important circuit to trip out. In old instal- 
lations where test blocks are not available, current transformer 
circuits must be short circuited by jumpers having reliable clamp- 
ing devices which will not come loose, before the relay current cir- 
cuit is opened. 


6. FREQUENCY OF TESTING 


It is recommended that protective and auxiliary relays be 
given a complete calibration test and inspection at least once a 
year. This schedule, however, sometimes cannot be met due to 
existing workloads and available manpower with the result that 
routine calibration tests intervals of many relays are longer than 
a year. Factors to be considered if changes to the test schedule are 
needed are shown in table 1. 


7. TEST RECORDS 


A complete record should be kept of all test data and 
observations made during tests and inspections, including identi- 
fying numbers of test equipment used. The following relay test 
report forms are available at the Denver Office and one copy of 
each is included (see contents): 


Form No. 





PO&M 100 — Overcurrent relay test report 
PO&M 101 — Differential relay test report 
PO&M 102A — Distance relay test report (Westinghouse) 
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PO&M 102B — Distance relay test report (General Electric) 
O&M 106 — Miscellaneous test sheet 


8. ANNUAL INSPECTION 


All relays shall be given an annual inspection. This 
inspection should include the following: 

a. A visual inspection should be made of all relays on a 
terminal including the tripping auxiliaries and accessories. Any 
draw out type relay should be withdrawn from its case for a close 
up examination. All other, including auxiliaries, should at least 
have covers removed. Included in this visual inspection should 
be a check for loose connections, broken studs, burned insulation, 
and dirty contacts. Each relay should be checked to be in agree- 
ment with its setting sheet. On some distance relays it may have 
been necessary to set the taps on something other than specified 
values in order to get proper calibration. Because of this, it may 
also be necessary to check the taps against the last calibration test 
report. 

b. A test trip should be made of all relay systems. All 
relay elements which initiate some protective function should be 
checked. This includes re-closing, carrier starting, or any similar 
type function. After proving that tripping relays will successful- 
ly trip the circuit breaker and that all re-closing schemes work, 
continuity checks should be used, where applicable, to complete 
the checkout of the circuit breaker trip circuits. 


Table 1.— Criteria to determine possible alteration of the test period for relays 


Relay System Factor Reducing Test Interval Factors lengthening 








Variables Test Interval 

Type of Relays Complex (distance, differential), Simple (hinged armature 
plunger). 

Age of Relays New installations with little operating 5-10 years old with a 


history. Systems 20 years or older 
where insulation aging, etc., can be 
a problem 


good operating history 





Environment Dusty area, contaminated atmosphere, Clean and/or air 


temperature extremes. conditioned area. 





History and 
Experience 


Subjected to severe or frequent faults. Subjected to moderate 
Often required adjustments when or few faults. 
tested. 





Current Rating Relays rated 5 amperes which are 
called upon to carry 7 or 8 amperes 


due to load requirements. 


Relays operated at or 
below their 5 ampere 
rating 





Control Voltage Relays operated in battery circuit 
more than 5 percent above nominal 
relay rated voltage of nominal relay 


rated voltage 


Relays operated in 
battery circuit within 
_+ 5 percent 





Station Service Station service voltage supplied is 
more than 5 percent above nominal 


relay rated voltage. 


9. TEST PROCEDURES 


Tests to be performed during routine maintenance are 
determined by the type of relay to be tested. The following tests 
should be included for all electromechanical relays. 

a. A visual inspection of the relay cover can reveal valu- 
able information. Any excessive dust, dirt, or, metallic material 
deposited on the cover should be noted and removed, thus pre- 
venting such material from entering the relay when the cover is 
removed. A cover glass which is fogged should be cleaned. 
Fogging is, in most cases, a normal condition due to volatile 
materials being driven out of coils and insulating materials, and 


Station service Voltage 
supply operated within 
+ 5 percent of 





1s not an indication of a problem. However if fogging appears 
excessive, since most relays are designed to operate in ambient 
temperatures not exceeding 40EC (104EP), a further check of the 
ambient temperature would be in order. Voltage and current sup- 
plied to the relay should be checked and compared with the name 
plate or instruction book ratings. Should evidence of overheating 
be found, the insulation should be checked for embitterment and, 
where necessary, replaced. Removal of the connection plug in 
draw out relays may reveal evidence of severe fault currents or 
contaminated atmospheres, either of which may indicate the 
advisability of a change in maintenance schedule. The condition 
of the relay contacts can be equally revealing. 

b. Mechanical adjustments and inspection should be 

made according to instructions shown following: 

(1) Check to see that all connections are tight. Several 
loose connections could indicate excessive vibration 
which should be corrected. 

(2) All gaps should be checked that they are free of foreign 
material. If foreign material is found in the relay, the 
case gasket should be checked and replaced if necessary. 

(3) All contact or armature gaps should be measured and 
values compared with previous measurements. Large 
variations in these measurements may indicate exces- 
sive wear, and worn parts should be replaced. Also an 
adjusting screw could have worked loose and must be 
tightened. All of this information should be noted on 
the test record. 

(4) All contacts, except those not recommended for main- 
tenance, should be burnished, and measured for align- 
ment and wipe. 

(5) Since checking bearings or pivots usually involves dis- 
mantling the relay, 1t is recommended that such a test 
be made only when the relay appears to be extremely 
dirty, or when subsequent electrical tests indicate 
undue friction. 

c. Electrical tests and adjustments should be made 

according to the instructions shown following: 

(1) Contact function — Manually close or open the contacts, 
and observe that they perform their required function; 
such as trip, re-close, or block. 

(2) Pickup — Gradually apply current or voltage to see that 
pickup is within limits. The current or voltage should 
be applied gradually in order to yield data which can 
be compared with previous or future tests and not be 
clouded by such effects as transient overreach. 

(3) Dropout or reset — To test for excess friction, reduce 
current until the relay drops out or resets. Should the 
relay be sluggish in resetting or fail to reset, then the 
jewel bearing and pivot should be examined. A four 
power magnification is adequate for examining the 
pivot, and the jewel bearing can be examined with the 
aid of a needle which will reveal any cracks in it. If 
dirt is the problem, the jewel can be cleaned with an 
orange stick and the pivot can be wiped clean with a 
soft, lint free cloth. No lubricant should be used on 
either the jewel or pivot. 


10. AUXILIARY RELAYS 


In addition to tests described in section 9, auxiliary relays 
employing devices for time delay (for example, capacitors) 
should have an operating time test performed (either pickup or 
dropout, whichever is applicable). 
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11. TIME OVERCURRENT AND TIME OVERVOLTAGE 
RELAYS 


All tests described in section 9 should be performed for 
time-overcurrent and time overvoltage relays where applicable. 
These types of relays should always be tested in the case in 
order to duplicate “in-service” conditions or to match pub- 
lished curves since the relay case normally acts as a shunt for 
flux that the electromagnetic iron circuit cannot handle due 
to saturation. Testing the relay out of the case will also produce 
results that would not check previous tests or future tests since 
changes in test conditions, such as being near a steel cabinet, will 
change results obtained if the relay is tested out of the case. The 
first electrical test made on the relay should be a pickup test. 
Pickup is defined as that value of current or voltage which will 
just close the relay contacts from the 0.5 time-dial position. 
Allowing for such things as meter differences and interpretations of 
readings, this value should be within + 5 percent of previous data. 

One or two points on the time-current curve are generally 
sufficient for maintenance purposes. Reset the relay to the original 
time-dial setting and check at two points such as 3 and 5 times 
pickup. Always use the same points for comparison with previ- 
ous tests. 

The instantaneous unit should be checked for pickup using 
gradually applied current. Whenever possible, current should be 
applied only to the instantaneous unit to avoid overheating the 
time unit. The target seal-in unit should also be tested using grad- 
ually applied current. The main unit contacts must be blocked 
closed for this test. 


12. DIRECTIONAL OVERCURRENT RELAYS 


In addition to tests recommended for the overcurrent relay, 
the directional unit of the directional overcurrent relay should be 
tested for minimum pickup, angle of maximum torque, contact 
gap, and clutch pressure. A test should also be made to check that 
the overcurrent unit operates only when the directional unit con- 
tacts are closed. 


13. DISTANCE RELAYS 


When testing distance relays, tests should be made of 
pickup, angle of maximum torque, contact gap, and clutch pres- 
sure, in addition to the tests described in paragraph 9. 


14. DIFFERENTIAL RELAYS 


A test of minimum pickup should be performed for differ- 
ential relays. The differential characteristic (slope) should be 
checked, and where applicable, the harmonic restraint should be 
tested. Differential relays using ultra sensitive polarized units as 
sensing devices are slightly affected by previous history, such as 
heavy internal or external fault currents. It is therefore recom- 
mended that for this type of relay two pickup readings be 
taken and the second reading be the one that is used for 
comparison with previous and future tests. 


15. STATIC RELAYS 


Static relays should be tested in accordance with manu- 
facturer’s recommendations given in relay instruction books. As 
there are no moving parts in static relays, there is no physical 
wear due to usage and no need for lubricants. Prime causes of 
failure in electronic components are heat, vibration, and moisture. 
Overheating can be caused by voltage transients, current surges, 
excessive power, or high ambient temperature. Vibration can 


loosen or break leads and connections and can crack component 
casings or insulation resulting in equipment failure. Moisture can 
result in corrosion of metallic elements which can result in cir- 
cuit discontinuities, poor contact, or shorts. Preventive mainte- 
nance of static relays should be directed toward removing caus- 
es of failure listed above by doing the following: 

a. Keep equipment clean by periodic vacuuming or blowing 

out of dirt, dust, and other surface contaminants. 

b. Keep the equipment dry and protected against moisture 

and corrosion. 

c. Inspect to see that all connections, leads, and contacts 

are tight and free as possible from effects of vibration. 

d. Check to see that there is adequate ventilation to conduct 

heat away efficiently. 

Preventive measures should not be applied unnecessarily 
as this may contribute to failures. For example, printed circuit 
cards should not be pulled from their racks to be inspected if 
there is no real need. Operating test switches unnecessarily may 
introduce damaging voltage transients. 


16. PORTABLE RELAY PANELS 


Particular attention should be given to relays mounted on 
portable relay panels as these relays are subjected to rougher 
handling than those permanently installed on a switchboard. 
Therefore, whenever a portable panel of relays is installed, they 
should be thoroughly checked physically as well as electrically. 
If they are in bad condition, they should be repaired, or new 
relays installed before they are placed in service. 


17. CIRCUIT BURDEN MEASUREMENTS FOR CTS 


When CT circuits are modified such as by addition of 
relays, meters, or auxiliary CTs, measurements should be taken to 
determine the burden of the overall CT secondary circuit. These 
measurements should normally be on a phase-to-neutral basis. 
Measurements should be made at three current levels, such as 1, 3, 
and 5, while recording volts, amps, and phase angle. When auxil- 
iary CTs are involved, additional and separate measurements 
should be taken on the secondary circuit of the auxiliary CTs. 


18. EXCITATION CURVES FOR CTS 


Auxiliary CTs tend to saturate at much less secondary 
current and burden than large multi-ratio bushing type CTs. 
Excitation curves should be available on all CTs, especially on 
auxiliary CTs used in protective relaying circuits (fig. 1). Such 
curves can be derived by open-circuiting the primary, and driving 
the secondary with a 60-Hertz source while measuring voltage 
and current. Readings should be taken up to two times rated sec- 
ondary current or to the point where voltage applied is 1500 volts. 


19. GROUNDING CT AND PT CIRCUITS 


The CT and PT circuits should be grounded at only 
one point. Relay misoperations can be caused by grounding the 
neutral at two points, such as one ground at the switchyard and 
another at the relay panel. At least once every 3 years with the 
primary de-energized, the known ground should be removed and 
the overall circuits should be checked for additional grounds and 
insulation breakdowns. 


20. OPEN-SECONDARY CIRCUITS 
WARNING: Secondary circuits of CTs must not be 
open while primary current flows. 
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Extreme care should be taken to avoid breaking the sec- 
ondary circuit while primary current is flowing. If the secondary 
is open-circuited the primary current raises core flux density to 
saturation and induce a high voltage in the secondary which can 
endanger human life, and can damage connected apparatus and 
leads. If it is necessary to change secondary conditions while pri- 
mary current is flowing, the secondary terminals must be short- 
circuited while the change is being made. Caution should be 
exercised when working with differential circuits as shorting 
a current transformer in an energized differential relaying 
circuit could result in a relay operation. It is recommended 
that the secondary of all current transformers be kept short-cir- 
cuited at all times when not installed in a circuit such as being 
held in stock or being transported. 


21. TEMPERATURE RELAYS 


Temperature relays used on bearings and for other impor- 
tant purposes should be checked for correct operation by placing 
the bulb in a pail of water with a thermometer, and gradually 
heating to the temperature at which the relay is set to operate. A 
mercury or alcohol thermometer should be used to read the tem- 
perature while the water is being stirred. Record temperature at 
which the relay operates on increasing temperature and at which 
it resets on falling temperature. Temperature relays operating 
from RTDs (resistance temperature detectors) should be checked 
by heating the detectors slowly in an enclosed air space since 
they should not be immersed in water or other liquid. 


22. PRESSURE RELAYS 


Pressure relays should be checked for correct operation by 
comparing with an accurate pressure gage. Pressure should be 
increased and decreased to determine the pressure at which the 
relay operates and resets. The above does not apply to sudden 
pressure relays, which should be maintained in accordance with 
the manufacturer’s recommendations. 
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PHASE COMPARISON RELAY REL352 SETTINGS 


Roger A. Hedding, ABB Substation Automation and Protection 


INTRODUCTION 


This note covers the settings for the phase comparison 
section of the REL352 relay. It specifically examines the rela- 
tionship between the settings: Ikey, ITA2, and LP. 


PHASE COMPARISON THEORY AND ELEMENT 
DEFINITIONS 


The output of the composite sequence filter is a weighted 
time varying function called IT. When the instantaneous value of 
IT exceeds a threshold setting, Ikey, IT, (ITR) is sent to the 
remote terminal in the form of a MARK, and SPACE signal for 
comparison with an IT developed in a similar fashion at the 
remote end. Locally, Local Positive, LP, and Local Negative, 
LN, signals are developed from local IT, (ITL). When the value 
of ITL exceeds LP a positive square wave signal is developed 
which stays high until ITL drops below LP. Similarly, when the 
value of ITL drops below (more negative than) LN, a negative 
square wave is developed. The LP signal is compared to MARK 
and the LN signal is compared to SPACE for coincidence. If 
either are coincident for 4 msec, a count occurs which will trip 
the relay if set for 1CNT, or trip the relay after two consecutive 
counts within 24msec if set for 2CNT. A fault detector ITA2 
which measures the RMS value of ITL supervises the compari- 
son. 


SETTING PHASE COMPARISON ELEMENTS 


The instruction Leaflet IL40-201.9B gives some basic 
considerations for setting the phase comparison elements: 


WAZ S07 IT 


Where 17 


MEY = 15% 


Where > A he ire charges curtest and Ci y 


LP AN =T a KEY 


There is also a relationship between IKEY and IT which 
results in the width of the square wave. When IT equals IKEY, 
the square wave has a width of 4 msec. As IT becomes larger 
than IKEY, the width of the square wave increases. There needs 
to be a coincidence of 4 msec between ITR and LP or LN for 
tripping. Any misalignment of the waveforms due to incorrect 
channel delays can shrink the coincidence time between the local 
and remote signals possibly preventing correct operation. For 
this reason it is suggested that the ratio of IT/IKEY be as large 
as possible. 

If strong sources are involved so there is a great deal of 
fault current, or if the sequence coefficients C1, C2, CO are cho- 
sen so that ITmin is much larger than 0.3 amp, the minimum rec- 
ommended setting for IKEY, there is no problem with meeting 
the above criteria. 


If ITmin is small, meeting the criteria of a 30% margin of 
ITA2 over ITmin as expressed in equation (2) will be nearly 
impossible since the minimum setting of ITA2 is 0.2 amp. For 
this case, the margin can be reduced thus lowering ITA2. The 
other option that is employed by some users, is to choose an arbi- 
trary higher ITmin that satisfies the equations. By doing so, the 
relay will not respond to some low current faults. Users have 
justified this because, typically, another type Directional 
Comparison relay system such as a permissive overreaching 
transfer trip system is applied in parallel with the phase compar- 
ison system. This system would see the faults that the phase 
comparison system has been desensitized. 
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WIRE PILOT RELAY 


Pilot relaying is an adaptation of the principles of differen- 
tial relaying for the protection of transmission-line sections. Pilot 
relaying provides primary protection only; back-up protection must 
be provided by supplementary relaying. 

The term ‘pilot’ means that between the ends of the trans- 
mission line there is an interconnecting channel of some sort 
over which information can be conveyed. Three different types 
of such a channel are presently in use, and they are called ‘wire 
pilot”, *carrier-current pilot’ and ‘microwave pilot’. A wire pilot 
consists generally of a two-wire circuit of the telephone-line 
type, either open wire or cable; frequently, such circuits are rented 
from the local telephone company. A carrier-current pilot for 
protective-relaying purposes is one in which low-voltage, high- 
frequency (30 kHz to 200 kHz) currents are transmitted along a 
conductor of a power line to a receiver at the other end, the earth 
and ground wire generally acting as the return conductor. A 
microwave pilot is an ultra-high frequency radio system operating 
above 900 megacycles. A wire pilot is generally economical for 
distances up to 5 or 10 miles, beyond which a carrier-current 
pilot usually becomes more economical. Microwave pilots are 
used when the number of services requiring pilot channels 
exceeds the technical or economic capabilities of carrier current. 
In the following, we shall first examine the fundamental principles 
of pilot relaying, and then see how these apply to some actual 
wire-pilot relaying equipments. 


WHY CURRENT-DIFFERENTIAL RELAYING IS NOT USED? 


Because the current-differential relays for the protection 
of generators, transformers, busses, etc., are so selective, one 
might wonder why they are not used also for transmission-line 
relaying. The principal reason is that there would have to be too 
many interconnections between current transformers (CTs) to 
make current differential relaying economically feasible over the 
usual distances involved in transmission-line relaying. For a 
three-phase line, six pilot conductors would be required, one for 
each phase CT and one for the neutral connection, and two for 
the trip circuit. 

Because even a two-wire pilot much more than 5 to 10 
miles long becomes more costly than a carrier-current pilot, we 
could conclude that, on this basis alone, current-differential 
relaying with six pilot wires would be limited to very short lines. 

Other reasons for not using current-differential relaying 
are: (1) the likelihood of improper operation owing to CT inac- 
curacies under the heavy loadings that would be involved, (2) the 
effect of charging current between the pilot wires, (3) the large 
voltage drops in the pilot wires requiring better insulation, and 
(4) the pilot currents and voltages would be excessive for pilot 
circuits rented from a telephone company. Consequently, 
although the fundamental principles of current-differential relaying 
will still apply, we must take a different approach to the problem. 


PURPOSE OF A PILOT 


Figure 1 is a one-line diagram of a transmission-line sec- 
tion connecting stations A and B, and showing a portion of an 
adjoining line section beyond B. Assume that you were at station 
A, where very accurate meters were available for reading voltage, 
current, and the phase angle between them for the line section 
AB. Knowing the impedance characteristics per unit length of 
the line, and the distance from A to B, you could, like a distance 
relay, tell the difference between a short circuit at C in the middle 
of the line and at D, the far end of the line. But you could not pos- 
sibly distinguish between a fault at D and a fault at E just beyond 
the breaker of the adjoining line section, because the impedance 
between D and E would be so small as to produce a negligible 
difference in the quantities that you were measuring. Even 
though you might detect a slight difference, you could not be 
sure how much of it was owing to inaccuracies, though slight, in 
your meters or in the current and voltage transformers supplying 
your meters. And certainly, you would have difficulties if offset 
current waves were involved. Under such circumstances, you 
would hardly wish to accept the responsibility of tripping your 
circuit breaker for the fault at D and not tripping it for the fault 
at E. 








Figure 1. Transmission-line sections for illustratingthe purpose of a pilot. 


But, if you were at station B, in spite of errors in your 
meters or source of supply, or whether there were offset waves, 
you could determine positively whether the fault was at D or E. 
There would be practically a complete reversal in the currents, 
or, in other words, approximately a 180 phase-angle difference. 

What is needed at station A, therefore, is some sort of 
indication when the phase angle of the current at station B (with 
respect to the current at A) is different by approximately 180; 
from its value for faults in the line section A B. The same need 
exists at station B for faults on either side of station A. This infor- 
mation can be provided either by providing each station with an 
appropriate sample of the actual currents at the other station, or 
by a signal from the other station when its current phase angle is 
approximately 180; different from that for a fault in the line sec- 
tion being protected. 


TRIPPING AND BLOCKING PILOTS 


Having established that the purpose of a pilot is to convey 
certain information from one end of a line section to another in 
order to make selective tripping possible, the next consideration 
is the use to be made of the information. If the relaying equipment 
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at one end of the line must receive a certain signal or current sample 
from the other end in order to prevent tripping at the one end, the 
pilot is said to be a ‘blocking’ pilot. However, if one end cannot 
trip without receiving a certain signal or current sample from the 
other end, the pilot is said to be a ‘tripping’ pilot. In general, if a 
pilot-relaying equipment at one end of a line can trip for a fault 
in the line with the breaker at the other end closed, but with no 
current flowing at that other end, it is a blocking pilot — otherwise 
it is like a tripping pilot. 

It is probably evident from the foregoing that a blocking 
pilot is the preferred — if not the required — type. Other advan- 
tages of the blocking pilot will be given later. 


DC WIRE-PILOT RELAYING 


Scores of different wire-pilot-relaying equipment have 
been devised and many are in use today, where d-c signals in one 
form or another have been transmitted over pilot wires, or where 
pilot wires have constituted an extended contact-circuit intercon- 
nection between relaying equipments at terminal stations. For 
certain applications, some such arrangement has advantages, 
particularly where the distances are short and where a line may 
be tapped to other stations at one or more points. However, d-c 
wire-pilot relaying is nearly obsolete for other than very special 
applications. Nevertheless, a study of this type will reveal certain 
fundamental requirements that apply to modern pilot-relaying 
equipments, and will serve to prepare us better for understanding 
still other fundamentals. 

An example of d-c wire-pilot relaying is shown very 
schematically in Fig. 2. The relaying equipments at the three sta- 
tions is connected in a series circuit, including the pilot wires and 
a battery at station A. Normally, the battery causes current to 
flow through the (b) contacts of the overcurrent relay and the coil 
of the supervising relay at each station. Should a short circuit 
occur in the transmission-line section, the overcurrent relay will 
open its (b) contact at any station where there is a flow of short- 
circuit current. If the short circuit-current flow at a given station 
is into the line, the directional relay at that station will close its 
(a) contact. The circuit at this station is thereby shifted to include 
the auxiliary tripping relay instead of the supervising relay. If 
this occurs at the other stations, current will flow through the 
tripping auxiliaries at all stations, and the breakers at all the line 
terminals will trip. But should a fault occur external to the pro- 
tected-line section, the overcurrent relay at the station nearest the 
fault will pick up, but the directional relay will not close its con- 
tact because of the direction of current flow, and the circuit will be 
open at that point, thereby preventing tripping at the other stations. 

If an internal fault occurs for which there may be no short- 
circuit-current flow at one of the stations, the overcurrent relay at 
that station will not pick up; but pilot-wire current will flow 
through the supervising auxiliary relay (whose resistance is 
equal to that of the tripping auxiliary relay), and tripping will still 
occur at the other two stations. (The supervising relays not only 
provide a path for current to flow so that tripping will occur as 
just described but also can be used to actuate an alarm should the 
pilot wires become open circuited or short circuited.) Therefore, 
this arrangement has the characteristics of a blocking pilot where 
the blocking signal is an interruption of current flow in the pilot. 
However, if the overcurrent and the supervising relays were 
removed from the circuit, it would be a tripping pilot, because 
tripping could not occur at any station unless all the directional 
relays operated to close their contacts, and tripping would be 
impossible if there was no flow of short-circuit current into one end. 

















Figure 2. Schematic illustration of a d-c wire-pilot relaying equipment. D = 
voltage-restrained directional (mho) relay; O = overcurrent relay; T= auxiliary 
tripping relay; $ = auxilliary supervising relay; PW = pilot wire. 


An example of a blocking pilot, where positive blocking 
information is transmitted by the pilot, is shown in Fig. 3. Here, 
the directional relay at each station is arranged to close its contact 
when short-circuit current flows out of the line as to an external 
fault. It can be seen that, for an external fault beyond any station, 
the closing of the directional-relay contact at that station will 
cause a d-c voltage to be impressed on the pilot that will pick up 
the blocking relay at each station. The opening of the blocking 
relay “b” contact in series with the trip circuit will prevent trip- 
ping at each station. For an internal fault, no directional relay will 
operate and, hence, no blocking relay will pick up, and tripping 
will occur at all stations where there is sufficient short-circuit current 
flowing to pick up the overcurrent relay. 


ADDITIONAL FUNDAMENTAL CONSIDERATIONS 


Now that we are a little better acquainted with pilot relaying, 
we are prepared to consider some other fundamentals that apply 
to certain modern types. 

Whenever tripping by a relay at one station has to be 
blocked by the operation of a relay at another station, the blocking 
relay should be more sensitive than the tripping relay. The reason 
for this is to be certain that any time the tripping relay can pick 
up for an external fault, the blocking relay will be sure to pick up 
also, or else undesired tripping will occur. 

The matter of contact ‘races’ must also be considered. For 
example, refer to Fig. 3 where the (b) contact of the blocking 
relay must open before the overcurrent contact closes, when trip- 
ping must be blocked. With the scheme as shown, the overcurrent 
relay must be given sufficient time delay to make this a safe race. 
An ingenious scheme can be used to avoid the necessity for 
adding time delay, but this will be described later in connection 
with carrier-current-pilot relaying. 

A further complication arises because of the necessity for 
using separate phase and ground relays in order to obtain suffi- 
cient sensitivity under all short-circuit conditions. This makes it 
necessary to be sure that any tendency of a phase relay to operate 
improperly for a ground fault will not interfere with the proper 
operation of the equipment. To overcome this possibility, the 
principle of ‘ground preference’ is employed where necessary. 
‘Ground preference’ means that operation of a ground relay takes 
blocking and tripping control away from the phase relays. This 
principle will be illustrated in connection with carrier current- 
pilot relaying. 

Some pilot-relaying equipment utilizing the blocking- 
and-tripping principle must have additional provision against 
improper tripping during severe power swings or loss of syn- 
chronism. Such provision will be described later. 
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Figure 3. Schematic illustration of a d-c wire-pilot scheme where information is 
transmitted over the pilot. D = voltage-restrained directional (mho) relay; B = 
Auxiliary blocking relay; O = overcurrent relay; TC = trip coil; PW = pilot wire. 


AC WIRE-PILOT RELAYING 


A-c wire-pilot relaying is the most closely akin to current- 
differential relaying. However, in modern a-c wire-pilot relaying, 
the magnitude of the current that flows in the pilot circuit is lim- 
ited, and only a two-wire pilot is required. These two features 
make a-c wire-pilot relaying economically feasible over greater 
distances than current-differential relaying. 

They also introduce certain limitations in application that 
will be discussed later. 

First, we should become acquainted with two new terms 
to describe the principle of operation: circulating current and 
opposed voltage. Briefly, circulating current means that current 
circulates normally through the terminal CTs and the pilot, and 
opposed voltage means that current does not normally circulate 
through the pilot. 

An adaptation of the current-differential type employing 
the circulating-current principle, is shown schematically in Fig. 
4. The only reason for having a relay at each end is to avoid hav- 
ing to run a tripping circuit the full length of the pilot. 
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Figure 4. Schematic illustration of the circulating-current principle of 
a-c wire-pilot relaying. 


A schematic illustration of the opposed-voltage principle 
is shown in Fig. 5. A current balance type of relay is employed 
at each end, and the CTs are connected in such a way that the 
voltages across the restraining coils at the two ends of the pilot 
are in opposition for current flowing through the line section as 
to a load or an external fault. Consequently, no current flows in 
the pilot except charging current, if we assume that there is no 
unbalance between the CT outputs. The restraining coils serve to 
prevent relay operation owing to such unbalance currents. But, 
should a short circuit occur on the protected line section, current 
will circulate in the pilot and operate the relays at both ends. 
Current will also flow through the restraining coils but, in a prop- 
er application, this current will not be sufficient to prevent relay 
operation; the impedance of the pilot circuit will be the govern- 
ing factor in this respect. 

Short circuits or open circuits in the pilot wires have 
opposite effects on the two types of relaying equipment, as the 
accompanying table shows. Where it is indicated that tripping 
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Figure 5. Schematic illustration of the opposed-voltage principle of 
a-c wire-pilot relaying. 


caused, tripping is contingent, of course, on the magnitude of the 
power-line current being high enough to pick up the relays. 








Effect of Shorts Effect of Open Circuit 
Opposed voltage Cause tripping Block tripping 
Circulating current Block tripping Cause tripping 


Both the opposed-voltage and the circulating-current prin- 
ciples permit tripping at both ends of a line for short-circuit cur- 
rent flow into one end only. However, the application of either 
principle may involve certain features that provide tripping only 
at the end having short-circuit-current flow, as will be seen when 
actual equipments are considered. 

As has been said before, the feature that makes a-c wire- 
pilot relaying economically feasible, for the distances over which 
it is applied, is that only two pilot wires are used. In order to use 
only two wires, some means are required to derive a representa- 
tive single-phase sample from the three phase and ground cur- 
rents at the ends of a transmission line, so that these samples can 
be compared over the pilot. It would be a relatively simple mat- 
ter to derive samples such that tripping would not occur for exter- 
nal faults for which the same currents that enter one end of a line 
go out the other end substantially unchanged. The real problem 
is to derive such samples that tripping will be assured for inter- 
nal faults when the currents entering the line at the ends may be 
widely different. What must be avoided is a so-called blind spot, 
as described in Reference 1 of the Bibliography. However, we 
are not yet ready to analyze such a possibility. 


CIRCULATING-CURRENT TYPE 


Figure 6 shows schematically a practical example of a cir- 
culating-current a-c wire-pilot relay. The relay at each end of the 
pilot is a d-c permanent-magnet-polarized directional type. The 
coil marked (O) is an operating coil, and (R) is a restraining coil, 
the two coils acting in opposition on the armature of the polar- 
ized relay. These coils are energized from full-wave rectifiers. 
Here, a d-c directional relay is being used with rectified a-quanti- 
ties to get high sensitivity. 

Although this relay is fundamentally a directional type, it 
is, in effect, a very sensitive current-balance relay. Phase- 
sequence filters convert the three phase and ground currents to a 
single-phase quantity. Saturating transformers limit the magni- 
tude of the rms voltage impressed on the pilot circuit, and the 
neon lamps limit the peak voltages. Insulating transformers at the 
ends of the pilot insulate the terminal equipment from the pilot 
circuit for reasons that will be given later. 

This equipment is capable of tripping the breakers at both 
ends of a line for an internal fault with current flowing at only 
one end. Whether tripping at both ends will actually occur will 
depend on the magnitude of the short-circuit current and on the 
impedance of the pilot circuit. This will be evident from an 
examination of Fig. 6 where, at the end where no short-circuit 
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current flows, the operating coil and the pilot are in series, and 
this series circuit is in parallel with the operating coil at the other 
end. In other words, at the end where fault current flows, the cur- 
rent from the phase-sequence filter divides between the two 
operating coils, the larger portion going through the local coil. If 
the pilot impedance is too high, insufficient current will flow 
through the coil at the other end to cause tripping there. 
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Figure 6. Shematic connections of a circulating-current a-c wire-pilot relaying equipment. 


Charging current between the pilot wires will tend to make 
the equipment less sensitive to internal faults, acting somewhat 
like a short circuit between the pilot wires, but with impedance in 
the short circuit. 


OPPOSED VOLTAGE TYPE 


An example of an opposed-voltage type of equipment is 
shown schematically in Fig. 7. The relay at each end of the pilot 
is an a-c directional-type relay having in effect two directional 
elements with a common polarizing source, the two directional 
elements acting in opposition. Except for the effect of phase 
angle, this is equivalent to a very sensitive balance-type relay. 
The ‘mixing’ transformer at each end provides a single-phase 
quantity for all types of faults. Saturation in the mixing trans- 
former limits the rms magnitude of the voltage that is impressed 
on the pilot circuit. The impedance of the circuit connected 
across the mixing transformer is low enough to limit the magnitude 
of peak voltages to acceptable values. 

The equipment illustrated in Fig. 7 requires enough restraint 
to overcome a tendency to trip for charging current between the 
pilot wires, although the angle of maximum torque of the operating 
directional element is such that it minimizes this tripping tendency. 

The equipment will not trip the breakers at both ends of a 
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Figure 7. Schematic connections of an opposed-voltage a-c wire-pilot relaying equipment. 
P = current polarizing coil; R = voltage restraining coil; O = current operating coil. 


line for an internal fault if current flows into the line at only one 
end; it will trip only the end where there is fault current flowing. 
Current will circulate through the operating and restraining coils 
at the other end, but there will be insufficient current in the polar- 
izing coil at that end to cause operation there. This characteristic 
is seldom objectionable, and it has the compensating advantage of 
preventing undesired tripping because of induced pilot currents. 


ADVANTAGES OF A-C OVER D-C WIRE-PILOT 
EQUIPMENT 


Certain problems described in connection with d-c wire- 
pilot relaying are not associated with the a-c type. Since separate 
blocking and tripping relays are not used, the problem of different 
levels of blocking and tripping sensitivity is avoided. Also, the 
problems associated with contact racing and ground preference 
does not exist. Moreover, a-c wire pilot relaying is inherently 
immune to power swings or loss of synchronism. In view of the 
simplifications permitted by the elimination of these problems, 
one can understand why a-c wire-pilot relaying has largely super- 
seded the d-c type. 


LIMITATIONS OF A-C WIRE-PILOT EQUIPMENT 


Both the circulating-current and the opposed-voltage 
types that have been described are not always applicable to 
tapped or multi-terminal lines, because both types use saturating 
transformers to limit the magnitudes of the pilot-wire current and 
voltage. The non-linear relation between the magnitudes of the 
power-system current and the output of the saturating trans- 
former prevents connecting more than two equipments in series 
in a pilot wire circuit except under certain restricted conditions. 
Since this subject involves so many details of different possible 
system conditions and ranges of adjustment of specific relaying 
equipment, it is impractical to discuss it further here. In general, 
the manufacturer’s advice should be obtained before attempting to 
apply such a-c wire-pilot-relaying equipments to tapped or multi- 
terminal lines. 


SUPERVISION OF PILOT-WIRE CIRCUITS 


Manual equipment is available for periodically testing the 
pilot circuit, and automatic equipment is available for continu- 
ously supervising the pilot circuit. The manual equipment pro- 
vides means for measuring the pilot-wire quantities and the con- 
tribution from the ends. The automatic equipment superimposes 
direct current on the pilot circuit; trouble in the pilot circuit causes 
either an increase or a decrease in the d-c supervising current, 
which is detected by sensitive auxiliary relays. The automatic 
equipment can be arranged not only to sound an alarm when the 
pilot wires become open circuited or short circuited but also to open 
the trip circuit so as to avoid undesired tripping; in such cases, it 
may be necessary to delay tripping slightly. 


REMOTE TRIPPING OVER THE PILOT WIRES 


Should it be desired to trip the remote breaker under any 
circumstance, it can be done by superimposing direct current on 
the pilot circuit. If automatic supervising equipment is in use, the 
magnitude of the d-c voltage imposed momentarily on the circuit 
for remote tripping is higher than that of the continuous voltage 
used for supervising purposes. Parts of the automatic supervising 
equipment may be used in common for both purposes. A disad- 
vantage of this method of remote tripping is the possibility of 
undesired tripping if, during testing, one inadvertently applies a 
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d-c test voltage to the pilot wires. To avoid this, ‘tones’ have been 
used over a separate pilot. 


PILOT-WIRE REQUIREMENTS 


Because pilot-wire circuits are often rented from the local 
telephone company, and because the telephone company imposes 
certain restrictions on the current and voltage applied to their cir- 
cuits, these restrictions effectively govern wire-pilot-relaying- 
equipment design. The a-c equipment that has been described is 
suitable for telephone circuits since it imposes no more than the 
permissible current and voltage on the pilot, and the waveforms 
are acceptable to the telephone companies. 

The equipment that has been described operates without 
special adjustment over pilot wires having as much as approxi- 
mately 2000 ohms d-c loop resistance and 1.5 microfarads dis- 
tributed shunt capacitance. However, one should determine these 
limitations in any application. 


PILOT WIRES AND THEIR PROTECTION AGAINST 
OVERLOADS 


The satisfactory operation of wire-pilot relaying equip- 
ment depends primarily on the reliability of the pilot-wire circuit. 
Protective-relaying requirements are generally more exacting 
than the requirements of any other service using pilot circuits. 
The ideal pilot circuit is one that is owned by the user and is con- 
structed so as not to be exposed to lightning, mutual induction 
with other pilot or power circuits, differences in station ground 
potential or direct contact with any power conductor. However, 
satisfactory operation can generally be obtained where these 
ideals are not entirely realized, if proper countermeasures are 
used. 


The conventional a-c wire-pilot relaying equipment that has 
been described tolerate only about 5 to 15 volts induced between 
the two wires in the pilot loop. For this reason, the pilot wires 
should be a twisted pair if the mutual induction is high. For mod- 
erate induction, wires in spiraled quads will often suffice if the 
other pair in the quad will not carry high currents. In addition to 
other useful information. 

If supervising or remote-tripping equipment is not used, 
or, in other words, if there are no terminal-equipment connec- 
tions to the pilot wires on the pilot-wire side of the insulating 
transformer, it is only a question of whether the insulating trans- 
former and the pilot wires can withstand the voltage to ground 
that they will get from mutual induction and from differences in 
station ground potentials. The insulating transformers can general- 
ly be expected to have sufficient insulation, and only the pilot 
wires need to be critically examined. But if supervising equip- 
ment is involved, or if the pilot wires may otherwise be ground- 
ed at one end and do not have sufficient insulation, additional 
means, including neutralizing transformers, may be required to 
protect personnel or equipment. 

Pilot wires exposed to lightning overvoltage must be pro- 
tected with lightning arresters. Similarly, pilot wires exposed to 
contact with a power circuit must be protected. 
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ARC FLASH ENERGY CALCULATIONS FOR CIRCUIT 
BREAKERS AND FUSES CLASS 100 


Schneider Electric 


INTRODUCTION 


The idea that short-circuits or faults in an electric power 
system are undesirable is certainly not a novel concept. Recently, 
however, arcing faults have begun to receive an increasing 
amount of attention as a particularly damaging and potentially 
dangerous type of fault. Arcing fault current is fault current that 
flows through the air, unlike “bolted” fault current, which flows 
through conductors, busbars, or other equipment that is (ideally) 
designed to withstand its effects. This current flow, through air, 
releases a great deal of energy in the form of heat and pressure. 
In controlled applications, such as arc welding, electrical arcs 
can be useful. However, an “arc-flash”, which refers to the 
uncontrolled release of such energy during an arcing fault, can 
result in significant damage to equipment or worse, injury or 
death to workers exposed to the fault. 

Estimates indicate that 10-15 serious arc flash incidents — 
those that result in burn injuries requiring treatment in a burn 
center — occur each day in the U.S., so it is not surprising that 
awareness of the hazards associated with arc flash continues to 
grow. Present Occupational Safety and Health Administration 
(OSHA) regulations do not specifically address arc flash haz- 
ards, but industry standards such as National Fire Protection 
Association (NFPA) 70E-2004, Standard for Electrical Safety in 
the Workplace, provide information on safe work practices and 
required protective equipment for electrical workers exposed to 
arc flash hazards. OSHA has begun to write citations based on 
the NFPA 70E requirements. The National Electric Code (NEC) 
110.16 also requires that many types of electrical equipment be 
field marked to warn of potential arc flash hazards™. 

The Personal Protective Equipment section of this 
guide presents background information on personal protective 
equipment (PPE) that can help protect workers from arc-flash 
hazards. 

The Calculation Methods section discusses three primary 
calculation methods that are used to assess hazard levels and the 
selection of proper PPE. In general, the three methods do not 
produce identical results, but the section Which Calculation 
Method is Correct? Discusses several arc flash analysis princi- 
ples that will help insure that the correct method is chosen and 
that accurate results are obtained. Comparisons of the arc flash 
protection provided by several common overcurrent protective 
devices are presented in the Device Comparisons section, while 
the Conclusions section presents a summary of the items dis- 
cussed in this guide. 


PERSONAL PROTECTIVE EQUIPMENT 


While properly maintained equipment and safe work prac- 
tices can help to minimize the probability that an arcing fault 
might be initiated, workers potentially exposed to this hazard 


must still be adequately protected. The severity of the hazard 
related to an arcing fault is measured by the amount of energy 
that an arc delivers to an exposed worker. Calculation of this 
“incident energy”, which is commonly measured in calories per 
square centimeter (cal/cm2) or joules per square centimeter 
(J/cm2), provides a basis for selection of proper PPE, including 
flame-resistant clothing, flash suits, arc hoods, and the like. Also 
important to note is the flash-protection boundary, the distance 
from a fault source inside which the incident energy level 
exceeds 1.2 cal/cm2, a level that can cause second degree burns 
on exposed skin. 

Both the incident energy and the flash-protection boundary 
vary, based on many parameters. Among the most important factors 
are the system voltages, the arcing fault current level, the distance 
from a worker to the fault source, and the duration of the fault. As 
such, the hazard level depends on many system variables, including 
equipment type, prospective bolted fault currents, and characteristics 
of the upstream protective devices. An analysis of the potential arc 
flash hazard at a given system location should be performed so that 
workers can select and use appropriate levels of PPE. 

Too little PPE leaves workers inadequately protected, and 
1s therefore obviously undesirable. Too much PPE is also unde- 
sirable, as it may hinder movement and increase the level of risk 
associated with a specific work task, or may create other hazards 
such as increased heat stress. Three common methods that may 
be used to perform arc flash analyses are discussed further in the 
Calculation Methods section. 

NFPA 70E defines five categories of protective clothing 
based on the degree of protection provided by each class, which 
are defined in the PPE “matrix” of Table 130.7(C)(10). PPE is 
assigned an Arc Rating (cal/cm2), which defines the “...maxi- 
mum incident energy resistance demonstrated by a material.” 
The protective clothing characteristics are summarized in Table 
1. 

Non-fire Resistant (FR) cotton has no arc rating, and can 
only be used at locations and/or working distances having low 
available incident energy. Within the flash-protection boundary, 
adequate protective clothing is required. As the energy level 
increases, more layers of FR clothing are needed to afford adequate 
protection. Non-FR synthetic clothing, including synthetic-cotton 
blends, is not allowed at all, as it can easily ignite and/or melt into 
the skin and aggravate a burn injury. 

Note that PPE is to be considered a last line of defense 
rather than a replacement for safe work practices or engineering 
controls that can reduce the exposure to arc flash hazards. 
Equipment should be placed in an electrically safe work condition 
whenever possible. See NFPA 70E for additional details on safe 
work practices. 


Circuit Breakers and Switchgear Handbook - Vol. 3 











56 
Table 1: Protective Clothing 
Characteristic 
(from NFPA 70E-2004) 
Clothing | Clothing Number | Minimum 
Category |Description of Layers | Are Rating 
of PPE 
{caem} 

Untreated Natural T 

9 Fiber Clothing ne 
Fire Resistant 

1 Shit and Fire 4 
Resistant Pants 

a Cotton Underwear a 
plus Category 1 
Fire Resistant 

3 Coverall 25 
Over Category 2 
Mutti-layer 

4 Flash Suit 40 
Over Category 2 

CALCULATION METHODS 


As understanding of the arc flash hazard has grown, sev- 
eral methods for calculating the arc flash hazard have been devel- 
oped. Three of these methods will be examined in this section — 
the theoretical model, the equations and tables used in NFPA 
70E, and the calculation methods presented in IEEE Std 1584- 
2002. 


THEORETICAL MODEL 


Ralph H. Lee developed a theoretical model for calcula- 
tion of arc flash energy in a paper published in 1982”. Prior to 
this, arcing faults had been recognized as damaging to electrical 
equipment and as a potential safety hazard, but Lee’s work was 
one of the first — if not the first — to quantitatively assess the rela- 
tionships between the energy produced by arcing faults, the 
working distance, and the potential hazard to exposed workers. 
Lee recognized that arcing faults are sources of intense heat and 
used heat transfer equations to determine the effect of this heat 
energy on human skin. Equations were presented that allowed 
for calculation of “just curable” and “fatal” burn distances based 
on the value of bolted fault current and the fault clearing time. 

At the time, no testing had been performed to investigate 
the relationship between bolted fault current and arcing fault cur- 
rent, so Lee concluded that the arcing energy calculations should 
be based on the worst-case condition, i.e., when the voltage 
across the arc is equal to half the system voltage. Later testing 
showed that actual incident energy levels reached a maximum of 
79% of the theoretical value in a 600 V system and only 42% in 
a 2400 V system", as the voltage across the arc was actually less 
than that required to produce maximum arc power. The results of 
the theoretical model tend to be conservative for any system, but 
are even more conservative for systems operating at 1 kV or 
higher. 

A more accurate calculation of arcing fault current is 
required to achieve more accurate results. In addition, since the 
theoretical model does not take into account other important fac- 
tors, such as whether the arcing fault occurs in open air or inside 
an equipment enclosure, it is not suitable for calculation of incident 
energy levels or flash-hazard boundaries in a typical industrial or 


commercial facility. The model is still useful, however, for calcu- 
lating energy levels in situations where no other method has been 
developed. Equations based on Lee’s work are included in IEEE 
1584 to cover system types that are not otherwise covered by the 
IEEE 1584 equations, such as open-air transmission or distribu- 
tion systems, open-air substations, or systems operating above 
15 kV. 


NFPA 70E 

Section 130.3(A) of NFPA 70E contains equations that 
allow for calculation of flash-protection boundary distances for 
systems operating at 600 V or less. For systems operating above 
600 V, the flash-protection boundary is defined as “...the distance 
at which the incident energy level equals 1.2 cal/cm2” (or 1.5 
cal/cm2 if the fault clearing time is less than 0.1 second). No 
equations are presented that allow for the determination of dis- 
tances for systems over 600 V. Annex D of NFPA 70E contains 
equations for the calculation of incident energy levels and flash- 
protection boundaries based on the theoretical model, on testing 
performed on 600 V systems", and from IEEE 1584. No recom- 
mendations are given as to the preferred calculation method. 

NFPA 70E also provides a method for selecting PPE that 
requires little or no calculation. Table 130.7(C)(9)(a) assigns 
“Hazard/Risk Category” values for typical work tasks that might 
be performed on common types of equipment, such as the inser- 
tion of starter buckets in a 600 V class motor control center. The 
Hazard/Risk Category values correspond to the five categories of 
PPE so that a worker may determine the level of clothing that is 
required by simply finding the appropriate work task in the table. 
Included with the table are several footnotes that define fault cur- 
rent ranges and fault clearing times for which the Hazard/Risk 
category values are valid. For system conditions that fall outside 
these parameters — such as with a main lug switchboard protect- 
ed by a slow-acting utility transformer primary fuse, which may 
not clear a fault in the one second time frame that is assumed — 
the tables may not be used to select PPE. Even for some condi- 
tions that do fit the system conditions defined by the table, the 
recommended PPE may, in some cases, be inadequate. For 
example, for a section of 480 V-class switchgear, the assumed 
system parameters are “up to 65 kA available, and up to 1.0 sec- 
ond clearing time”. Based on 65 kA bolted fault current and 1.0 
second fault duration, IEEE 1584 calculates an incident energy 
of 69 cal/cm2 at a 24” working distance, but Table 130.7(C)(9)(a) 
does not call for PPE above Category 3 for any listed work task. 
Despite some deficiencies, the table is still useful, particularly in 
facilities where little or no system information is available. 


IEEE STD 1584 

IEEE Std 1584-2002, IEEE Guide for Performing Arc- 
flash Hazard Calculations, provides a comprehensive set of 
equations for calculating incident energy levels and flash-protec- 
tion boundaries. Empirical equations are given that cover sys- 
tems at voltage levels ranging from 208 V to 15 kV and for avail- 
able bolted fault currents ranging from 700 A to 106 kA, suffi- 
cient to cover the majority of low-voltage and medium-voltage 
installations. The equations are rather complex if calculations are 
to be performed by hand, though the equations are easily imple- 
mented in a spreadsheet or in other computer software. 
Simplified equations are also provided for several common pro- 
tective device types, including current limiting Class RK1 and 
Class L fuses (up to 2000 A), as well as for various types of circuit 
breakers (100-6300 A). The fuse equations are based on testing 
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of one manufacturer’s current-limiting fuses. The breaker equa- 
tions are based on calculated results and are “generic” equations 
that correspond to a general class or frame size of breakers rather 
than to a specific device. 

They may be used if specific information about the break- 
er’s trip characteristics is not available. In addition, restatements 
of the theoretical equations are provided for calculation of energy 
levels in systems that fall outside the scope of the test data. 
Future testing and analysis may result in revisions of or additions 
to the present IEEE 1584 methods but, at present, it represents 
the state-of-the-art methodology for arc flash analysis and should 
be used when possible. The IEEE 1584 calculation methods have 
been implemented in several power system analysis software 
packages, including SKM Power*Tools and ETAP. 


WHICH CALCULATION METHOD IS CORRECT? 


In addition to the three methods discussed in Calculation 
Methods, there are other methods or tools available for calcula- 
tion of arc flash hazard levels including various Windows and 
DOS-based shortcut calculator programs, 

IEEE 1584-based calculators on equipment manufacturers’ 
web sites, or equipment-specific equations, such as those devel- 
oped for the Square D Masterpact NW and NT “low arc-flash” 
(LF and L1F) circuit breakers". 

Even IEEE 1584 presents two alternate calculation methods 
for many situations — the general equations and the simplified 
equations for circuit breakers and fuses. For a given system location, 
one can calculate several different values for incident energy levels 
or for the flash-hazard boundary distance. While the calculation 
results may be close to one another in many situations, this may not 
always be the case. 

How can one be sure which method produces the best 
results for a given situation? No single calculation method is 
applicable to all situations, but several principles may be followed 
to ensure that the best results are obtained in a given situation: 

1. Verify that actual system conditions fall within the 
method’s range of applicability. Many of the available calcula- 
tion methods are at least partially based on empirical equations — 
i.e., equations derived from test results. These equations are valid 
over the range of system conditions where testing was per- 
formed, but cannot be extended to other situations with a high 
degree of confidence. For example, the equations in IEEE 1584 
cannot be used to calculate arc flash hazard levels at locations 
with greater than 106 kA available bolted fault current or in a DC 
system. This principle is also important when using the NPFA 
70E tables to assess arc flash hazard levels, as the tables are 
based on specific assumptions regarding available fault currents 
and fault clearing times. 

2. Out with the old, in with the new. Arc flash hazard 
analysis is a relatively new science and, as a result, the available 
calculation methods have changed significantly as understanding 
of the arc flash phenomenon has grown over the past 20+ years. 
Newer test results, industry standards, and calculation methods 
are more likely to accurately represent the actual hazard levels 
than older methods. They should be used in preference to older 
methods that may be based on smaller sets of test data or may be 
applicable over a smaller range of system conditions. 

3. Use device-specific equations rather than general 
equations. While the general equations in IEEE 1584 are based 
on lab testing over a wide range of system conditions, the testing 
cannot possibly accurately characterize the performance of every 
available protective device in every possible situation. In partic- 


ular, the general equations may not adequately characterize cur- 
rent-limiting action of fuses or circuit breakers, and can therefore 
give results that may be overly conservative for such devices. 
When equations based on testing of specific devices — such as the 
IEEE 1584 equations for current-limiting fuses or the Square D® 
equations for low arc flash Masterpact circuit breakers — are 
available, they should be used rather than the general calculation 
methods. One exception to this rule would be when there is sig- 
nificant motor contribution to fault current at a given location, as 
discussed in Step 6. Recall also that the simplified equations in 
TEEE 1584 for circuit breakers are not device-specific equations, 
but rather are general equations that may be used if little or no 
information is available for a given circuit breaker. If accurate 
information about a breaker’s trip characteristics is available, it 
should be used along with the IEEE 1584 general equations 
rather than the simplified circuit breaker equations. 

4. Know which device clears the fault and use realistic 
fault current values. When determining the arc flash hazard 
level at a given location, two of the major variables to consider 
are the bolted fault current level at that location and the charac- 
teristics of the upstream protective device. For example, consider 
calculation of fault current at a 200 A, 480 V lighting panel fed 
from a 200 A feeder breaker located in a facility’s main switch- 
board (device “A” in Figure 1). The panel also contains a main 
breaker (device “B”) and several feeder breakers (e.g., device 
“C”). The facility engineer intends to use the IEEE 1584 general 
equations to calculate the incident energy level at the panel so 
that a worker at the panel can be adequately protected. 

First, the engineer must determine which circuit breaker 
acts to clear the fault. Depending on exactly where in the panel 
the fault initiates, any of the three devices might initially act to 
clear the fault. Typically, the worst-case scenario will be for the 
fault to occur on the line-side of the panel’s main circuit breaker, 
in which case 1t must be cleared by the upstream feeder device 
(“A”). This breaker, which would normally be set to selectively 
coordinate with device “B”, should have the longest tripping 
time of the three devices shown for a given value of fault current. 
Even if the arcing fault initiates on the load-side of branch circuit 
breaker “C”, the fault could easily propagate to the line-side of 
the other devices in the same enclosure. Therefore, to ensure that 
the calculations reflect the maximum energy level to which a 
worker might be exposed, the trip characteristics of device “A” 
should be considered. 

What value of fault current should be considered — the 
available bolted fault current at the switchboard containing 
device “A”, or the available fault current at the lighting panel 
itself? Suppose that 100 kA bolted fault current is available at the 
switchboard, but the panel is located 100 feet away. The impedance 
of 100 feet of #3/0 AWG 
conductor drops the avail- = 
able bolted fault current  * A 
at the panel to approxi- 
mately 28 kA. Since the 
concern in this case is 
over arcing faults at the 8 
lighting panel, this is the 
value of bolted fault cur- 
rent that should be used 
as an input to the IEEE 
1584 equations. IEEE 
1584 is then used to cal- 


culate the arcing fault 


Figure 1: Sample Panel Configuration 
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current level, approximately 15 kA. The device’s trip character- 
istics must be consulted in order to determine its clearing time at 
15 kA, and then IEEE 1584 is used to calculate the incident energy 
level and flash protection boundary at the panel. 

In some situations, the best practice may be to calculate 
two incident energy levels and flash-protection boundaries for a 
single piece of equipment. For example, consider a lineup of 480 
V drawout switchgear with a main circuit breaker and several 
feeder circuit breakers. The circuit breaker cubicles are more 
physically separated from one another than circuit breakers are 
in a typical electrical panel, so propagation of a fault from a feeder 
to the line-side of the main would be expected to be more diffi- 
cult. If a fault were to occur when a feeder circuit breaker was 
racked in or out, then the main circuit breaker would be expected 
to clear the fault. However, when the main circuit breaker is 
racked in or out, then the upstream protective device — possibly 
a fuse or relay on the primary side of an upstream transformer — 
would be called upon to clear the fault. In this case, the upstream 
protective device may act relatively slowly, which could mean 
that workers are exposed to a much higher level of arc flash hazard 
when racking the main than when racking a feeder. In cases such 
as this, or in other situations when workers may potentially be 
exposed to flash hazards in a section of gear on the lineside of 
the main (i.e., in a fire pump section), more than one calculation 
per piece of equipment may be warranted. 

Note also that while IEEE 1584 can be used to calculate 
hazard levels for bolted faults up to 106 kA, it is not likely that 
the available bolted fault current levels in many parts of the sys- 
tem will be this high, particularly on smaller feeders and branch 
circuits. Figure 2 shows the relationship between feeder length 
and available bolted fault current for various feeder sizes and dis- 
tances away from a source with 100 kA available faults current 
at 480 V. Fault current levels will fall off more quickly in 208 V 
systems. 

5. Quantify the variables. As mentioned previously, the 
system voltage level, the level of arcing fault current, and the 
clearing time of the fault are among the most significant param- 
eters that determine the level of arc flash hazard in a system. 
However, several other variables must be considered — at least 
when using the IEEE 1584 general equations — and they must be 
determined before incident energy levels or flash protection 
boundaries may be calculated. These variables include: 

e Working Distance: Working distance is defined as the 
distance from the electric arc to the worker’s face and body 
(torso). The incident energy levels drop off fairly quickly as the 
distance from the arcing fault is increased, so choosing the cor- 
rect working distance is important if an accurate determination 
of required PPE is to be made. Typical working distances for var- 
ious types of equipment are given in Table 3 of Section 4.8 of 
TEEE 1584, and range from 18" (455 mm) for low-voltage pan- 
els and MCCs to 36" (910 mm) for medium-voltage switchgear. 
When comparing the results of calculations performed using the 
IEEE 1584 general equations to those performed using simplified, 
equipment-specific equations, note that the simplified equations 
assume a fixed working distance (typically 18"). 

e Bus Gap: The length of the arc depends on the gap 
between phase conductors or from phase to ground, which is 
referred to in IEEE 1584 as the “bus gap”. Longer arcs have 
higher impedance values than shorter arcs, and therefore result in 
a larger voltage drop across the arc and a lower value of arcing 
fault current than shorter arcs. Typical values for bus gaps for 
various classes of equipment are given in Table 2 of IEEE 1584. 


— Equipment Configuration: Incident energy from an arc 
in open air should, in theory, drop as 1/d2 (d=distance) as one 
moves away from the source of the arc. Testing of arcs that start- 
ed in a typical equipment enclosure (i.e., an “arc-in-a-box”) 
showed that energy levels fell off more slowly (1/d1.5) as a result 
of energy being reflected off the back and sides of the enclosure 
and focused in the direction of the worker. This results in inci- 
dent energy levels for “inbox” configurations that may be 
20—40% higher at typical working distances’ “!. For power distri- 
bution systems in a typical industrial or commercial facility, 
practically every arcing fault should be considered to be an “in- 
box” configuration. 

— System Grounding: Testing showed that system 
grounding has a relatively small (but “statistically significant”) 
impact on incident energy levels in some cases. The IEEE 1584 
calculations differ slightly depending on whether a system is 
solidly grounded or ungrounded (including high-resistance 
grounding), so a software program based on IEEE 1584 will 
require information regarding system grounding. 

6. Be aware of motor contribution. It is widely recog- 
nized that motors contribute to fault current, but IEEE 1584 
addresses motor contribution to a fault only briefly, and other 
calculation methods generally do not address it at all. The level 
of arcing fault current at a given location depends on the level of 
bolted fault current, so when motor loads are present, the motor 
contribution adds to the arcing fault current as well. However, 
this portion of the arcing fault current does not flow through the 
upstream protective device, and therefore does not make devices 
with inverse-time characteristics trip any faster than they would 
if the motor load were not present. Incident energy levels and 
flash-protection boundary distances may therefore be increased, 
as the motor contribution increases the available fault current 
without any corresponding reduction in fault duration. 

This can be taken into account in the IEEE 1584 general 
equations, but the IEEE 1584 simplified equations (for current- 
limiting fuses and circuit breakers) or other device-specific equa- 
tions (e.g., for Square D® Masterpact® circuit breakers) do not take 
motor contribution intoaccount. To show the effects of motor con- 
tribution, consider the plot of incident energy versus bolted fault 
current at a motor control center (MCC) protected by a 2000 A 
Masterpact® NW-LF circuit breaker shown in Figure 3. It is 
assumed that the MCC is fully loaded with induction motor load 
(1600 A). Both circuit breakers are set to trip instantaneously. 


lipna 1 tecident Energy Levels sa Botied Fault Current al MOC, With aad Without Malor Come uti 
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Figure 3 shows the energy levels calculated using the IEEE 
1584 general equations, both with and without motor contribution 
considered. In this case, neglecting motor contribution understates 
the incident energy levels by up to 30%. In situations where motor 
contribution makes up a significant portion of the total available 
fault current, use of the IEEE 1584 general equations over simpli- 
fied, device-specific equations may be preferable. 
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7. Read the fine print. When comparing results from dif- 
ferent calculation methods, one should be aware that even those 
that are based on the same set of test data might have variations 
that make it impossible to directly compare the results. For 
example, IEEE 1584 notes that the general equations have a 95% 
confidence level — i.e., the calculated incident energy level will 
be greater than the anticipated incident energy level 95% of the 
time. One equipment manufacturer provides an arc flash calcula- 
tor on their web site that is based on IEEE 1584 but that has a 
98% confidence interval, resulting in higher calculated values for 
incident energy and flash-protection boundary distance. 

IEEE 1584 itself notes (in Section 4.1) that the results that 
it provides are estimates based on test data, that “...real arc expo- 
sures may be more or less severe...”, and that other arc by-prod- 
ucts (molten metal, arc blast, toxic gases) are not considered. In 
any event, PPE should be considered to be a last line of defense 
that cannot replace or remove the need to follow safe work prac- 
tices any time one is exposed to a potential arc-flash hazard. 


DEVICE COMPARISONS 


In this section, the results of calculations performed to 
determine the level of incident energy allowed by several different 
protective devices over a range of bolted fault currents are pre- 
sented. Flash-protection boundary distances are not computed, 
but they generally follow the results of the incident energy calcu- 
lations — higher incident energy levels correspond to greater 
flash-protection boundary distances. Calculations are performed 
per the IEEE 1584 general equations or simplified, device-spe- 
cific equations, as noted. When the IEEE 1584 general equations 
are used for calculations involving circuit breakers, unless other- 
wise noted, all breakers are set so that they will trip instanta- 
neously. Calculations were performed assuming a 480 V, solidly 
grounded system with a working distance of 18 inches and an 
“in-box” configuration. 

A summary of the relative advantages of the types of 
devices considered is given in Table 2. For each type of device, 
information on conditions if/when each allows the lowest values 
of incident energy are provided. The table also shows if/when the 
devices allow the use of Category 1 or lower PPE, the least 
restrictive (and most comfortable) category of protective clothing. 
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Current-limiting fuses are Class RK-1 or Class L, depend- 
ing on the size. 

The “Low Arc flash Circuit Breaker” device type refers to 
Square D Masterpact NT-LF and/or NW-LF or NW-LIF circuit 
breakers, which are designed to limit the available arc flash inci- 
dent energy". The table assumes that adjustable breakers are set 
to trip instantaneously. Larger devices were evaluated for bolted 
fault currents ranging from 20-100 kA, while smaller devices 
were evaluated starting at 5 kA bolted fault current. Note that the 
table does not consider other application issues related to break- 
ers and fuses, such as the possibility of single-phasing, exposure 
to hazards when fuses are replaced, equipment footprint, and so 
forth. 


2000 A CIRCUIT BREAKERS AND FUSES 

Figure 4 shows the incident energy levels allowed by a 
2000 A Masterpact NW-LF (low arc flash) circuit breaker, a 
Masterpact NW-H (standard) circuit breaker, and a 2000 A Class 
L current-limiting fuse. The energy levels for the NW-LF circuit 
breaker are calculated with equipment-specific equations pub- 
lished by Square D, while energy levels for the fuse are calculat- 
ed using the IEEE 1584 equations for current-limiting fuses. 
Energy levels for the NW-H circuit breaker are calculated using 
the IEEE 1584 general equations and the published trip curves. 

Current-limiting fuses are shown to be very effective at 
limiting incident energy levels when they operate in their cur- 
rent-limiting region. However, the 2000 A fuse is large enough 
that it does not clear the fault quickly until fault currents reach 
higher levels. In this case, the energy levels allowed by the fuse 
are still above the Category 1 PPE level (4 cal/cm2) at 100 kA 
bolted fault current. Energy levels remain above 25 cal/cm2 
(requiring the use of Category 4 PPE) until bolted fault current 
levels exceed 50 kA. The incident energy levels allowed by the 
NW-H circuit breaker exceed 4 cal/cm2 for fault currents exceed- 
ing 39 kA (reaching 9.3 cal/cm2 at 100 kA) while the energy levels 
allowed by the NW-LF circuit breaker stay below 4 cal/cm2 
through approximately 65 kA available bolted fault current. 

Figure 4 shows that, in fact, the 2000 A circuit breakers — 
particularly the low arc flash Masterpact — provide significantly 
better overall arc flash protection than the 2000 A fuse. 


1600 A CIRCUIT BREAKERS AND FUSES 

Next, the energy levels allowed by a 1600 A NW-LF cir- 
cuit breaker, a 1600 A NW-H circuit breaker, and a 1600 A class 
“L” fuse are examined. As Figure 5 implies, the fuse becomes 
current-limiting at a lower level of bolted fault current, and there- 
fore provides better overall protection than the 2000L fuse. The 
circuit breakers provide better protection than the 1600L fuse for 
bolted fault current levels below approximately 45 kA. While the 
fuse provides better protection above this point, the energy lev- 
els are still close through 60 kA bolted fault current (2.9 cal/cm2 
for the fuse versus 3.9 cal/cm2 for the NW-LF circuit breaker, 
both requiring Category 1 PPE). 
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The results closer to 100 kA available bolted fault current 
increasingly favor the fuse, although it should be noted that the 
energy allowed by the NW-LF circuit breaker remains below 
5 cal/cm2 through 100 kA available bolted fault current. Fault 
currents of 100 kA or more are not common on systems that are 
not fed by two or more sources in parallel or from a utility net- 
work system. 
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400 A CIRCUIT BREAKERS AND FUSES 


Figure 6, shows a comparison between 400 A breakers 
and fuses. The energy levels for the Square D LH and LC circuit 
breakers were calculated using the published trip curves and the 
TEEE 1584 general equations, while the energy levels for the 
RK-1 fuse were calculated using the IEEE 1584 equations for 
current-limiting fuses. Note that for the LH circuit breaker, the 
calculations are stopped at 35 kA, the interrupting rating of the 
circuit breaker (at 480 V). 

The figure shows that while the shape of the plots follows 
the same trend as before — the circuit breakers perform better 
than the fuses at low fault current levels, while the fuses have the 
advantage at higher fault current levels — the calculated incident 
energy does not exceed 1.6 cal/cm2 for any level of bolted fault 
current considered. The incident energy allowed by the LC cir- 
cuit breaker remains below 1.2 cal/cm2 until the bolted fault cur- 
rent reaches approximately 80 kA, a fault current level that is 
unlikely at equipment fed by all but very short 400 A feeders. For 
400 A circuits, both circuit breakers and fuses provide excellent 
protection. The same can be said for devices smaller than 400 A 
as well. 


Figure 6 insident Energy va. Bolted Faull Current tor 400 A Coul Breakers nnd 400 A Clase AK+1 Funes 


100 A DEVICES — GENERAL EQUATIONS VERSUS 
DETAILED CALCULATIONS 


The plot in Figure 7 shows a comparison between the 
TEEE 1584 simplified equations for circuit breakers and the 
results obtained when using the IEEE 1584 general equations 
and the published trip curves of Square D FH/FC and FI circuit 
breakers. 

As discussed previously, simplified equations for circuit 
breakers in IEEE 1584 provide a way for incident energy levels 
to be calculated when little or no specific information is known 
about a particular device. As such, they are intended to represent 
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the “worst-case” example of a given class of circuit breakers, and 
do not necessarily represent the actual performance of a given 
device. The plot in Figure 7 shows that the simplified equations 
(“100-400 A MCCB”) are quite conservative, particularly when 
compared to the energy levels allowed by the FI circuit breaker. 
While the incident energy allowed by the FI breaker never 
exceeds 1.0 cal/cm2, the energy level given by the general equa- 
tions exceeds the Category 1 PPE upper boundary of 4 cal/cm2 
for higher fault current levels. Specific device information 
should be used whenever possible in order to obtain accurate 
results. Class “L” fuse. No device-specific equations are avail- 
able for devices of this size, so the IEEE 1584 general equations 
and published device trip curves were used for the calculations.The 
plot shows that the incident energy level allowed by the fuse does 
not drop below 200 cal/cm2 until the bolted fault current nears 70 
kA. At present, there is no commercially available PPE with a 
rating greater than 100 cal/cm2. At 100 kA bolted fault current, 
the incident energy level allowed by the fuse is still near 50 
cal/cm2, while the incident energy level allowed by the circuit 
breaker is still below 10 cal/cm2. The 4000 A circuit breaker pro- 
vides much better protection than the 4000 A fuse. 


Tino $ Mcadert Energy ve Botad fari Current tor 4000 A Devices 


Note again that the circuit breaker is again set to trip 
instantaneously for each value of fault current. If the trip settings 
of the circuit breaker are adjusted indiscriminately, resulting in 
the circuit breaker tripping on short-time or even long-time, then 
the circuit breaker may allow incident energy levels that are even 
higher than those allowed by the fuse. However, the results 
shown in Figure 8 do illustrate that it is possible to adjust the cir- 
cuit breaker to minimize arc flash hazard levels, while no such 
adjustment is possible with a fuse. 


MASTERPACT CIRCUIT BREAKERS VERSUS CIRCUIT 
BREAKERS WITH “LIMITER” FUSES 

In this case, calculations were performed for a 2000 A 
Masterpact NW-LF circuit breaker and a 2000 A circuit breaker 
with 3000 A current-limiting “limiter” fuses, sized per the man- 
ufacturer’s recommendations. Incident energy levels allowed by 
both circuit breakers were calculated for bolted fault currents 
ranging from 20-100 kA. The results are shown in Figure 9. 

In this case, the limiter fuses had no impact at all on the 
incident energy levels, since the arcing fault current was never 
high enough to cause the fuses to operate before the circuit 
breaker, which was set to operate instantaneously. Though both 


Circuit Breakers and Switchgear Handbook - Vol. 3 


61 





circuit breakers tripped instantaneously, the lower values of inci- 
dent energy allowed by the NW-LF illustrate its advantage over 
a typical low-voltage power circuit breaker. The incident energy 
at 100 kA bolted fault current for the NW-LF was less than half 
that of the standard circuit breaker — 4.7 cal/cm2 versus 10.9 
cal/cm2. 


Fre > incoder Energy ve. Gulied Faun Current tor 2000 A NW-LE ant 
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At higher fault current levels, one would expect that the 
arcing fault current would rise to the point that the limiter fuses 
would operate before the circuit breaker, and that the incident 
energy would level off or possibly drop to levels comparable to 
or even below those allowed by the NW-LF. However, since 
TEEE 1584 is presently not applicable for bolted fault currents 
above 106 kA, it is not possible to say precisely when the arcing 
fault currents would rise to a level where this might happen for 
larger circuit breaker frame sizes. 

For an 800 A power circuit breaker, a typical recommen- 
dation might be for installation of 1600 A limiter fuses. Incident 
energy levels let through by an 800 A NW-LF circuit breaker, an 
800 A NT-LF circuit breaker, and a 1600 A Class L fuse are 
shown in Figure 10. The energy levels allowed by the fuse do 
not drop to levels approaching those allowed by the circuit 
breakers until bolted fault current levels exceed 45 kA. Below 
this level, it is likely that the power circuit breaker would operate 
before the limiter fuses. Above this level, the fuses act quickly 
and incident energy levels drop to low levels. However, incident 
energy levels allowed by the Masterpact circuit breakers are also 
low, and are comparable to those allowed by the larger fuse. The 
energy allowed by the 800 A NW circuit breaker remains below 
4 cal/cm2 (Category 1 PPE) through 100 kA available bolted 
fault current, while the energy allowed by the NT circuit breaker 
remains below | cal/cm2 (Category 0 PPE). Energy levels allowed 
by the fuse are lower than the NW circuit breaker for higher fault 
current levels, but do not fall below 1.2 cal/cm2 until near 100 
kA bolted fault current. The incremental benefit of the fuse is 
therefore somewhat limited. The NT circuit breaker provides 
protection that is better than or equivalent to that of the fuse over 
the entire range of fault current, while the NW circuit breaker 
provides protection better than or equivalent to that of the fuse 
for all but the highest fault current levels 
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2000 A CIRCUIT BREAKERS — GENERAL EQUATIONS 
VERSUS DETAILED CALCULATIONS 


Figure 11 compares the IEEE 1584 simplified equations 
for circuit breakers with results obtained using the IEEE 1584 
general equations and the device trip curves. The simplified 
equations contain two possible frame types for 2000 A circuit 
breakers — one with a trip unit having an instantaneous trip func- 
tion, and one with no instantaneous trip, so that the circuit breaker 
trips in its short-time region. Figure 11 shows that while the sim- 
plified equation for a low-voltage power circuit breaker with 
instantaneous trip (““LVPCB w/INST”) is fairly close to the 
results obtained from the general equations (also for circuit 
breakers with instantaneous trip), the energy levels for the low- 
voltage power circuit breaker with short-time trip only (“LVPCB 
w/ST”) are significantly higher. This illustrates the need to 
ensure that the most accurate information available is used to 
assess arc flash hazard levels — choosing the wrong type trip unit 
can produce results that either greatly overestimate or greatly 
underestimate actual incident energy levels. 


Figure ti Incisent Encegy we. Boned Fail Current tor 2000 A Ciro Breskers—Sirglitied Equation wa Acteal Data 
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EFFECT OF CIRCUIT BREAKER TRIP SETTINGS 


As mentioned in the 4000 A Circuit Breakers and Fuses 
section, starting on page 11, the circuit breaker trip settings can 
have a significant impact on incident energy levels allowed by a 
particular device. Consider the plot of incident energy versus 
bolted fault current shown in Figure 12, which shows energy 
levels allowed by two 600 A Square D LI circuit breakers — one 
with its instantaneous pickup level set at the minimum level, and 
one with the instantaneous function set at maximum. 


Figure i7 Incadant Energy we. Bolted Fault Current for G06 A LI Circutt Oreakers 
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Energy values are high when the circuit breaker must 
operate in its thermal (long-time) region due to the increased 
duration of the fault. At higher fault current levels the circuit 
breakers operate instantaneously and the short fault duration more 
than makes up for the increased levels of arcing fault current. As 
a result, incident energy levels drop to very low values. 

Typically, lower instantaneous pickup settings allow cir- 
cuit breakers to mitigate arc-flash hazards over a wider range of 
bolted fault current. This helps to illustrate several important 
points regarding device coordination and arc flash hazard levels: 
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e Device trip settings can have a significant impact on arc- 
flash hazard levels. Overcurrent device coordination 
studies should be performed in conjunction with arc- 
flash analyses, or at least with arc-flash hazards in mind. 
“Conservative assumptions” in system studies may not 
result in conservative values in the arc-flash analysis. If 
project specifications call for short-circuit analysis to be 
performed using an “infinite bus” assumption for utility 
contribution or using a minimal value for transformer 
impedances, or if such assumptions are made in the 
course of executing the study, then calculated bolted 
fault current values can be artificially high. As shown in 
Figure 12, it is not uncommon for incident energy values 
to actually be lower for higher values of fault current. 
Arc flash studies should be performed using the most 
accurate data that is available. 
e Selective coordination of protective devices and mitiga- 
tion of arc flash hazards may be mutually exclusive 
goals in certain situations. 


CONCLUSIONS 


While several methods are available for calculation of arc 
flash incident energy levels and flash-protection boundaries, they 
may yield widely different results for a given system location. 
The equations and methods in IEEE 1584 should be used for arc 
flash analysis whenever possible, but the Hazard/Risk categories 
in NFPA 70E and the theoretical model for calculation of arc- 
flash levels (also included in IEEE 1584) may be useful in some 
situations. Several principles should be followed to ensure that 
analysis results are as accurate as possible, including: 

e Verify that the chosen analysis method is applicable to 

the system under study. 

e Use the state-of-the-art analysis methods. 

e Use device-specific equations, when possible. 

e Read and understand the “fine print” that comes with 
any analysis method. 

The Device Comparisons section showed that when 
applied correctly, both circuit breakers and fuses can act to effec- 
tively limit arc flash hazards. However, if applied incorrectly, 
current-limiting fuses or low arc flash circuit breakers may do lit- 
tle to limit incident energy levels and may instead provide a false 
sense of security. In particular: 

e Circuit breakers typically performed better at lower values 
of fault current, and their advantage over fuses increased 
as the device sizes increased. 

e Fuses typically provide better protection in systems with 
high levels of available fault current, but levels at which 
the fuses have the advantage approach or exceed 100 kA 
for fuse sizes of 2000 A or larger. 


e For mid-sized devices (800-1600 A), low arc flash 
Masterpact circuit breakers provide protection that is 
comparable to or superior to similarly sized fuses. 
Required PPE does not exceed Category 1 through 65 
kA for the Masterpact circuit breakers. 

e For smaller devices (400 A or less), both circuit break- 
ers and fuses generally provide excellent protection. 

e Based on recommended sizing of limiter fuses, the fuses 
have little or no impact on arc flash levels for larger 
frame power circuit breakers. For smaller frame circuit 
breakers, they are able to provide protection comparable 
to or better than NW-LF and NT-LF circuit breakers 
only for systems with high levels of available bolted 
fault current. 

When adjustable circuit breakers are set indiscriminately, 
increased trip times can compromise the arc flash protection that 
would otherwise be provided by the circuit breakers. Arc flash 
studies should be performed in conjunction with short-circuit 
and coordination studies, and in some cases, selectivity between 
devices may have to be compromised if arc flash levels are to be 
kept low. As always, PPE should be considered as a last line of 
defense, and not as a replacement for safe work practices or engi- 
neering controls that can help limit exposure to arc flash hazards. 
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CIRCUIT BREAKERS, TIME CURRENT CURVES AND 
SELECTIVE COORDINATION 


L.W. Brittian 


TIME CURRENT CURVES 


The proper design of an electrical system involves many 
detailed tasks, such as selection of the circuit breakers that will 
protect the conductors, equipment, and people who operate the 
equipment. Proper selection and coordination of breakers for a 
specific installed system is facilitated by the use of time current 
curves. Reading these curves is quite technical and will not be 
covered in adequate detail to allow someone to properly select 
OCPDs; my intention is to provide only a brief overview. 

Time current curves are plots of the amount of current 
(vertical scale) flowing in the circuit to the time (horizontal 
scale) required for the breaker to clear the fault current. 

Curves are listed by some manufacturers as being instan- 
taneous, ultra-short, short, medium and long. 

Current limiting fuses have no moving parts, so no inertial 
forces need to be overcome for the fuse to open the circuit. 
Breakers, on the other hand, have parts that must be moved from 
one position to the other to open the circuit. Generally speaking, 
fuses can open a circuit faster than can circuit breakers. Some 
solid-state components can be damaged beyond repair in less 
time than a breaker may be able to open the circuit. For this and 
other reasons, some types of electrical components are best pro- 
tected by fuses and not breakers. Restated, you cannot always 
replace a fuse with a circuit breaker of the same voltage, and 
amperage values. 

The time a circuit protective device operates can be divided 
into the following time segments: sensing time - magnetic elements 
are quicker than thermal elements (which intentionally add delay); 
opening time - fuses are quicker than breakers as they have no parts 
to move; and arcing time - the time during which an arc is present. 

Both fuses and breakers have to extinguish the resultant 
arc, and arc extinguishing time - the time the protective device 
takes to extinguish the faults arc - varies with the type of device, 
amperage rating, AIC rating, voltage, and the amount of short 
circuit or overload current developed. 


AVAILABLE FAULT CURRENT 


When selecting circuit breakers, it is important to know 
both the maximum continuous amperage and the available fault 
current. The NEC in article 110.9 provides the following guid- 
ance, “Equipment intended to interrupt current at fault levels, 
shall have an interrupting rating sufficient for the nominal circuit 
sufficient voltage and the current that is available at the line ter- 
minals of the equipment.” There are two methods commonly 
used to comply with this NE code requirement. 

The most conservative method is to select all OCPDs 
based upon the fault current available at the electrical service (or 
source of supply). For example, if 50,000 amps of fault current 
could be supplied to a building at the service, even the most dis- 
tant (from the service) branch circuit breaker would be selected 


to have the ability to safely open the circuit with 50,000 amps of 
fault current, even though that amount of current would not be 
available to the line terminals of the most distant circuit protec- 
tive device. Depending upon the specific nature (such as arcing, 
or a bolted low impedance type fault) of the fault, the total 
amount of fault current available may or may not be developed 
during operation of the nearest upstream protective device. 


SERIES RATED DEVICES 


The second method of breaker selection, which is more 
realistic and more economical, is to select the device based on the 
level of fault current that engineering level calculations determine 
can be potentially available at the device’s line terminals. 

One may question why spend the extra money purchasing 
breakers that have a higher AIC than the system can deliver. 
When it is reasonable to anticipate that the power supply’s capac- 
ity will be increased, the initially more costly selection may be 
justified based on anticipated system capacity growth. 


SELECTIVE COORDINATION 


Selective coordination is the selection and application of 
circuit protective devices in series such that under overload or 
fault current conditions, only the device just upstream from the 
overload, or fault will open to clear the fault. The remainder of 
the circuit’s protective devices will remain closed passing power 
to their individual loads. 

Selectivity can be based on time or current levels. This 
method of selection allows two devices to be connected in series 
with each other, and seeing the same current level respond in dif- 
fering times, the one closest to the fault, with the shortest oper- 
ating time would open the circuit. The device upstream from it, 
while having the same current level trip point, would have a 
longer trip delay time, allowing the closer device to react first to 
open the protected circuit. 

If not properly coordinated, the device closest to the fault 
could have the longer time of response (both having the same 
current level trip values), and the next protective device up 
stream could open the circuit, resulting in a potentially more 
wide spread circuit outage to be experienced by the facility. 
When the breaker nearest the circuit’s faulted point does not trip, 
yet the one above it does, a review of the degree of coordination 
should be undertaken. 


LINE AND LOAD TERMINAL CONNECTIONS 


The terminals (when installed in a vertical position) at the 
top of a breaker are for connection to the source of supply and 
are referred to as the line connections (NEMA markings L-1, L- 
2, L-3, or IEC markings 11, 21,31). The terminals at the bottom 
of the breaker are for connection to the load (NEMA markings T- 
1, T-2, T-3, or IEC markings 12, 22, 32). Most breakers must be 
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installed with the source of supply connecting to the top terminals. 

Some breakers are listed such that they may be connected 
to the source of supply either at the top (line) or the bottom 
(load). These breakers can then be used in a back-fed type of 
application; that is, power can be connected to the bottom (load) 
of the breaker and the breaker can be used to supply power via 
its line (top) connections to a bus bar. When a breaker is marked 
line or load, it must be installed in that manner only, that is, line 
to the source of power and load terminations connected to the 
utilization equipment. The NEC requires that back-fed type 
breakers be so installed that it takes more than a pull on the 
breaker to remove it. 


AMBIENT COMPENSATED CIRCUIT BREAKERS 


There are some common installations where the electrical 
load to be protected will be located in an area that is subject to a 
different range of environmental conditions, particularly ambient 
temperature. An extreme example of this type would be where a 
fan motor is located in, say, a minus 40 degree ice cream freezer 
and its protective circuit breaker is located in a poorly ventilated 
motor control center room where the air temperature routinely 
exceeds 100 degrees F during hot summer months. This could 
result in the breaker’s thermal element trip point being reduced 
due to its hotter ambient. 

Were a motor to be placed in a hot environment (say a 
boiler room) and its circuit breaker be placed in an air condi- 
tioned space, the breaker may experience nuisance type tripping. 
To avoid temperature related offsets, breakers are available with 
an ambient compensation feature. This allows the breaker to open 
the circuit, without deviation caused by changes in the ambient air 
temperature within a listed ambient temperature range. 


STORED ENERGY BREAKER OPERATOR 


The two-step stored energy mechanism is used when a lot 
of energy is required to operate the circuit breaker and when it 
needs to be closed or opened rapidly to minimize arcing related 
damage. The two-step stored energy process is to charge (com- 
press) the closing spring and then release the energy to close the 
breaker. This method uses separate opening and closing springs. 
This design permits the closing spring to be charged independ- 
ently of the opening process. This allows for an open-close-open 
duty cycle. The closing spring can be charged manually via a 
charging handle or an internally mounted DC electric motor 
about the size of a 3/8 inch drill motor. The motor can be oper- 
ated remotely, allowing for increased Operator safety. 

Once the closing spring is charged, it sits compressed 
ready to rapidly re-close the breaker. Safety is enhanced with this 
type of operating mechanism by providing remote (motor oper- 
ated) charging of the spring and then allowing the breaker to be 
remotely closed. Should it become necessary, provisions provid- 
ed for spring charging may also be accomplished manually. 

The most common type of re-settable overcurrent protec- 
tive device is the molded case circuit breaker. The case functions 
as both an outer wrapper and to retain in proper position the 
breaker’s internal components. Theses cases are made from 
various types of electrical insulating and fire retardant plastic. 
Cases are typically not hermetically sealed; this allows them to 
be subject to corrosion from environmental factors. They are lim- 
ited to 600 volts and less. They are typically available in single-, 
two-, or three-pole models. This type of circuit breaker is now 
available as, AFCI, GFCI, and magnetic, hydraulic-magnetic and 
thermal-magnetic types. 
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INSULATED CASE (ICCB), MOLDED CASE (MCCB) 
AND MICROCOMPUTER CIRCUIT BREAKERS 


L.W. Brittian 


INSULATED CASE CIRCUIT BREAKERS (ICCB) 


This type of circuit breaker is assembled on a metal frame 
contained within an insulated case and is provided with air break 
contacts. Its intended use is as a component of larger installations 
such as switchboards and MCC type switchgear. Its components 
are larger and heavier for severe duty applications. 

The insulated case circuit breaker typically has a high 
short time withstand and high interrupting ratings. They are 
available today with both a local and a remote means of commu- 
nication for setting of the various values, and facilitate such tasks 
as remote monitoring of electrical energy consumption and trou- 
bleshooting. The insulated case circuit breaker can be purchased 
today with any of a growing list of accessories, several of which 
are briefly reviewed in the following paragraphs. 


ACCESSORIES 


The following is a brief survey of the accessories that are 
commonly available for the ICCB and for microcomputer- 
equipped circuit breakers today. Only those specific accessories 
listed for a specific breaker should be attached to a breaker. To 
do otherwise may potentially compromise safety. 


SHUNT TRIP 


Sometimes it is advantageous to turn a breaker off from a 
remote location. To facilitate this task, an accessory called a 
shunt trip feature is installed by the manufacturer inside of the 
breaker. This device consists of an electro-magnetic trip coil that 
is connected in series with an external field wired switch. When 
the switch’s contacts are closed, power is passed to the shunt trip 
coil causing the breaker’s mechanical latch to cause the breaker 
to move to the open position. Re-closing the breaker is done by 
physically going to the breaker and manually moving the operat- 
ing handle to the on/closed position. 

When opened by use of the shunt trip coil, the breaker’s 
operating handle moves to the off (maximum handle travel) and 
not the tripped (short of full handle travel) position. 


AUXILIARY-REMOTE ALARM SWITCH 


Occasionally it is advantageous that an indication be pro- 
vided that a breaker is open at a remote location. To facilitate 
remote indication, some manufacturers provide a built-in form C 
(SPDT) contact set. The contact set may receive power from the 
breaker’s power source by internal connection, or it may be a set 
of dry contacts that require a foreign power source. By “foreign 
power source”, I intend to communicate that the form C-contact 
set is not powered from the same source of supply of current 
going to the breaker’s line terminals. 


GROUND FAULT SENSOR 


Some manufacturers offer an external ground fault sensor 


accessory. These devices open the circuit within a pre-estab- 
lished time period when the current flow to ground exceeds a 
pre-determined value. This occurs by detecting a current difference 
between two or more load leads that have been routed through an 
air core current transformer. The trip current set point values are 
higher for these types of devices than are found on common 
MCCB type GFCI (5 to 6 Ma class A) units. This is because 
these types of sensors are primarily intended to provide protection 
for equipment and not people. You should be aware that some 
circuit breakers are provided with a ground fault trip unit, while 
others are provided with an alarm only function for use with 
emergency systems as required by the NEC in sections 700-7(D) 
and 700-26. 


UNDERVOLTAGE TRIP 


The undervoltage trip feature will operate the circuit 
breaker when the supply voltage drops below a preset value. 
Typically, the adjustable range provided is from 35 to 70% of 
nominal line voltage. This device incorporates a feature that pre- 
vents the breaker from being re-set until the supply voltage 
returns to a minimum of 85% of its normal level. 


LOCK-OUT-TAG-OUT PROVISIONS 


With this factory-installed accessory, the task of perform- 
ing OSHA required Lock-out-Tag-out of the breaker is made eas- 
ier and safer. With the device properly installed and locked, the 
breaker operator handle cannot be moved to the closed position 
from the open position. 


REMOTE OPERATOR HANDLE 


Occasionally, a breaker will be installed in a type of 
enclosure that does not allow ready access to the breaker’s oper- 
ator handle with the door closed. Many manufacturers offer a 
flexible cable (or rod) that is connected directly to the breaker’s 
operator handle at one end and an externally mounted manual 
switch at the other end. The remote operator handle is typically 
installed on a flange type section of the enclosure and performs the 
opening and closing of the breaker without the need to open the 
enclosure’s door. This feature helps to reduce the risk associated 
with arc related flash burns. The risk of flash burns has increased 
as our nation’s electrical generating, transmission, and distribu- 
tion capacity has increased over the years. 


STORED ENERGY BREAKER OPERATOR 


The two-step stored energy mechanism is used when a lot 
of energy is required to operate the circuit breaker and when it 
needs to be closed or opened rapidly to minimize arcing related 
damage. The two-step stored energy process is to charge (com- 
press) the closing spring and then release the energy to close the 
breaker. This method uses separate opening and closing springs. 
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This design permits the closing spring to be charged independently 
of the opening process. This allows for an open-close-open duty 
cycle. The closing spring can be charged manually via a charging 
handle or an internally mounted DC electric motor about the size 
of a 3/8 inch drill motor. The motor can be operated remotely, 
allowing for increased operator safety. 

Once the closing spring is charged, it sits compressed 
ready to rapidly re-close the breaker. Safety is enhanced with this 
type of operating mechanism by providing remote (motor operated) 
charging of the spring and then allowing the breaker to be remotely 
closed. Should it become necessary, provisions are provided for 
spring charging may also be accomplished manually. 


MOLDED CASE CIRCUIT BREAKER (MCCB) 


The most common type of re-settable overcurrent protective 
device is the molded case circuit breaker. The case functions as 
both an outer wrapper and to retain in proper position the breaker’s 
internal components. Theses cases are made from various types 
of electrical insulating and fire retardant plastic. Cases are typically 
not hermetically sealed; this allows them to be subject to corrosion 
from environmental factors. They are limited to 600 volts and 
less. They are typically available in either single, two, or three 
pole models. This type of circuit breaker is now available as, 
AFCI, GFCL and magnetic, hydraulic-magnetic and thermal- 
magnetic types. 


MOLDED CASE CIRCUIT BREAKER (MCCB) MAINTENANCE 


MCCBs have many years of life built into them, allowing 
for very little maintenance type attention be paid to them. This 
should not be taken as an indication that periodic maintenance is 
not required. NETA (InterNational Electrical Testing Association 
Inc.) has developed and published a book titled “Maintenance 
Testing Specifications (NETA-MTS-01) that provides some 
guidance as to how various types of electrical equipment, includ- 
ing MCCBs, and ICCBs should be tested. I recommend that you 
obtain a copy for your reference. The following is a quick 
overview of some MCCB maintenance tasks. It is recommended 
that at least once a year a qualified electrician, properly trained 
and equipped perform the following maintenance tasks: 

e Visually inspect the case to determine if any portion 
indicates overheating. Replace the breaker if overheat- 
ing indications are found. 

e Check connections for indications of overheating. 

e Cycle the breaker five times manually. 

e Check and record the voltage drop across the breaker 
using a calibrated digital voltmeter (capable of reading 
three places to the right of the decimal point). 

e The load should be operated at full load for three hours, 
or until the breaker reaches normal load temperature, 
scan the breaker with an IR type non-contact thermometer, 
record the readings. 

e Record voltages, and note any voltage imbalance from 
phase to phase. 

e Current readings should be taken with a true RMS type 
meter due to the increasing harmonic content in many 
electrical systems in commercial/industrial facilities today. 

e Current readings on equipment grounding conductors 
(where required) for specific machines should be noted. 
Clamp on type ground-rod circuit resistance reading 
meters should be used for this task as they can detect 
both the impedance and the level of current on the con- 
ductor (if any is present), as other clamp-on type amp- 


meters will not indicate Ma levels. While breaker test sets 
are commercially available, they are for use on the larger 
frame size breakers. Generally, molded case breakers 250 
amps and under cannot be tested to confirm operation on 
their original time-current curves. Testing of the larger 
frame power type breakers is a very specialized area, 
requiring special training and test equipment and should 
be conducted only by competent personnel. 


MICROCOMPUTER CIRCUIT BREAKERS 


For breakers in sizes above about 500 amps, the need to 
tailor the breaker’s response increases to the point that a micro- 
computer based circuit breaker becomes economical. Load profiles 
in many commercial/industrial facilities tend to change over time 
and the ability to tailor a breaker’s specific performance aids in 
improving the level and types of protection provided for both 
people and electrical equipment. The following overview will 
present a brief introduction to some of the more common features 
available in microcomputer-based breakers that are available today. 

The adjustment of any circuit breaker should not be 
undertaken too lightly. Almost anyone can turn a knob, or enter 
a new value into a computer program. It takes a fair amount of 
training to be able to setup one of these computerized circuit 
breakers properly. Unless you have received the specific training 
needed to correctly adjust one of these units, I suggest that you 
do not attempt to do so. Just where maintenance task ends and 
electrical engineering begins should be determined before any 
adjustments are undertaken. Recall that circuit breakers provide 
not only protection for equipment, but people as well. 


FIELD SELECTABLE RATING CIRCUIT BREAKERS 


Some manufacturers offer a line of breakers in the 500 to 
5,000 amp range that have a replaceable rating plug. These rating 
plugs allow, for example, a 400 amp frame-size breaker to be 
selected from 200, 225, 250, 300, 350 or 400 amps by the selection 
of matching rating plugs. This selectable feature would allow a 
facility that was anticipating a major increase in load in a few 
years to initially select a 400 amp frame size breaker with a 225 
amp rating plug to be installed. When the load increased in the 
future, the breaker could have its amperage rating increased by 
the quick replacement of the rating plug. Various selectable values 
for these types of breakers are based upon either percentages or 
multiples of the basic continuous current rating of the installed 
rating plug. 


OPERATION OVERVIEW 


Current data is obtained for each phase from current trans- 
formers (CT) mounted within the breaker. The CT signals are 
converted to digital values and sent to a microcomputer. The 
microprocessor monitors each phase individually at a very high 
sampling rate. This is a key improvement in identifying current 
and voltage waveforms. The microcomputer will then determine 
when the circuit breaker should trip due to an over current con- 
dition. An electro-magnetic latch unit in the breaker causes the 
breaker to trip upon receipt of a trip signal from the microcom- 
puter. This allows the shape of the breaker’s time current curve 
to be manipulated electronically, and to be tailored to fit the 
desired performance profile in most every detail. 

The ability to field program the microprocessor to accom- 
plish the desired response to various values of time and current 
and voltage offers a level of circuit protection never before possible. 
With the addition of an external communications link (LAN or 
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Ethernet type gateway) individual breakers can be communicated 
with, monitored, reprogrammed, controlled, and coordinated from 
any compatible connected location, be it locally or from a distant 
central control room. 

Many of these breakers have the ability to record past 
events such as, the cause of the individual trip events, date and 
time of past trips, voltage and current values or waveforms on all 
three phases and the neutral. 


CURRENT SENSING 


The use of microcomputers has allowed for many 
improvements to be made in circuit protective devices. One area 
is in the sensing of current. Some breakers sense an average of 
the current, while others sense only the peak currents generated 
in a sine wave. This is fine, if the circuit’s current waveform is 
that of a true sine wave, which few are. 

The increased use of ultra fast power switching devices has 
resulted in harmonic distortions becoming more and more common. 
With microcomputer-equipped breakers, the true RMS value can be 
determined even with harmonic distortions. The microcomputer is 
able to take many samples of the current's waveform per second. 

The microcomputer then uses these samples to calculate 
the true RMS value of the load current. This allows the breaker 
to perform faster, and with greater accuracy than ever before. 

The AFCI feature of molded case low voltage circuit 
breakers has been made possible by advances in current trans- 
formers capable of responding to very high frequency currents; 
in turn, the microcomputer has allowed the data to be analyzed, 
classified, plotted, stored and, when so required to, displayed for 
further analysis. 


CONTINUOUS AMPS 


Continuous ampere is a percentage of the circuit breaker’s 
normal current rating. 

Continuous amps can be adjusted typically from 20 to 100 
% of the breaker’s nominal rating (in this example the plug unit 
selected is 1,000 amps, so 100% would be 1,000 amps. A setting 
of 80% would result in decreasing the continuous load amps to 
some 800 amps. 


LONG TIME DELAY 


The long time delay causes the breaker to wait a certain 
amount of time to allow for temporary inrush currents to subside, 
such as those caused from motor starting locked rotor currents 
without the breaker tripping. The long time delay function setting 
is the length of time the breaker will hold an overload (running 
overcurrent) before causing the breaker to open. 


SHORT TIME PICK-UP 


This function’s setting will determine the amount of current 
the breaker will carry for a short time period, allowing down- 
stream circuit protective devices to open the circuit and clear the 
fault without tripping the upstream breaker. This allows for fine- 
tuning of the selective clearing function of the breaker. 


This function is typically adjustable from one and one half 
to ten times the trip unit ampere setting. For example, a 1,000 
ampere frame can be adjusted to trip anywhere from 1,500 to 
10,000 amps. This is the amount of current the breaker must see 
in order for it to respond. 


SHORT TIME DELAY 


The short time delay is used in conjunction with the short 
time pickup, and controls the amount of time involved in post- 
poning a short time pickup operation. This is the amount of time 
that must elapse before causing the breaker to open the circuit. 
This feature allows better coordination with downstream circuit 
breakers and fuses. 


INSTANTANEOUS CURRENT PICKUP 


This feature’s setting is used to trip the circuit breaker 
with no intentional delay at any current typically between two 
and forty times the breaker’s continuous ampere setting. In this 
example, the instantaneous pickup has been set to ten times the 
continuous amp setting or 10,000 amps (10 x 1,000) with a con- 
tinuous amp setting of 1,000 amps. In this case, a higher setting 
would trip at 10,000 amps due to a fixed instantaneous override 
of 10,000 amps, which automatically trips the circuit breaker 
regardless of the instantaneous pickup setting. If the continuous 
amp setting had been 300 amps, the instaneous pickup setting at 
ten would make the instantaneous setting equal to 3,000 amps, 
well below the fixed instantaneous override. This function is 
much the same as the magnetic trip unit’s instantaneous pickup 
only programmable for the specific needs of the unique installation. 


GROUND FAULT CURRENT 


Typically, an LED type of display provides a reading of 
the number of amps flowing across the equipment ground con- 
ductor. The ground fault monitor can be utilized with a display 
module or a relay that has a set of contacts for a ground fault 
alarm. When used with a shunt trip equipped breaker; a ground 
fault monitor can be used for ground fault sensing operation of 
the breaker equipped with a shunt trip feature. 


GROUND FAULT PICKUP 


This adjustment controls the amount of ground fault current 
that will cause the breaker to open. These adjustments typically 
range from 20 to 70% of the maximum breaker rating in compli- 
ance with article 230.95 (A) of the NEC, that no pickup setting 
exceeds 1200 amps. Ground fault pickup is sometimes divided 
into sections that allow various time delay values to be added to 
the breaker’s trip point when a ground fault occurs. This feature 
is useful for improving circuit breaker coordination with both up 
and downstream protective devices. 


GROUND FAULT DELAY 


This is the time period that must pass before the breaker 
trips. This feature’s setting is typically one of two types, an 
inverse time or a constant amount of time delay. The inverse time 
method shortens the amount of delay as the amount of ground 
fault current increases. The longer a fault exist, and the higher the 
current flowing in the fault, the more potential danger and dam- 
age there will be. The constant amount of time delay method 
maintains the time delay period the same no matter what the 
amplitude of the fault current may be. 
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VISUAL ANNUNCIATION-INDICATION LAMPS 


Depending on the brand and model, various lights give the 
user a means for visually determining what type of fault caused 
the breaker to open. Typically, indicator lamps are provided for 
indication of long time fault, short time fault, instantaneous fault, 
and ground fault events. 


POWER CONSUMPTION MONITORING 


Some models come equipped with features to assist in mon- 
itoring electrical energy consumption. Data displays are the com- 
mon seven segment LEDs. Adjustable alarm set points may also be 
provided on some models. Various communication protocols are 
used by individual manufacturers. With increasing concerns about 
power quality, this feature is being expanded to include factors 
relating to power quality and not just power quantity. 


INTERNAL TEST FUNCTIONS 


This feature enables the user to test the microcomputer’s 
trip circuit's electronics, the electro-magnetic latch and power 
contact set opening mechanism. The purpose of this test function 
is to provide the user with an easy means to conduct a quick go 
no-go type of test before bringing the circuit breaker on-line to 
protect and pass power to the connected loads. 

Some manufacturers provide for some degree of automatic 
testing each time the system is powered up. With others, individ- 
ual test are carried out manually following predetermined steps. 
The testing of many of these complex breakers cannot be done 
until all of the field selectable and variable values have been 
entered, or default values (where provided) have been selected. 
Many of these internal test functions are covered under the label of 
a “watchdog timer” that monitors the processor’s health for indi- 
cations of non-performance (within specified times). The concept 
of intelligent electrical devices has long been out of the research 
lab and has been broadly integrated onto the “plant floor”. 
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SAFETY CIRCUITS, FORCE GUIDED VS. 
GENERAL PURPOSE RELAYS 


Robert Anderson, BSEE 


How do you design a safety circuit? How safe do you 
have to be? What is safe? These are all questions that 1 found 
myself asking at the beginning of my last project. ve been away 
from control system design for a few years now, designing soft- 
ware in the interim, and what I found is that safety circuits are 
more critical and taken more seriously than they were even a few 
years ago. 












































There are categories of safety circuits now, (perhaps there 
were ten years ago too, and I was unaware of them) Category B, 
1, 2, 3 and 4, which indicate, not necessarily the level of safety 
(as some people think), but how the safety problem is 
approached. Although a category 4 circuit is generally viewed as 
safer than a category 2, this may not be the case. My focus here 
is a problem I was confronted with, which was essentially a logic 
problem using relays for safety. I had a situation where I needed 
to use quite a few relays to make a safety circuit that was failsafe. 
I will be speaking of “Force Guided Relays” and a possible 
alternative to them, General Purpose Relays. 

Now, when I started the project I knew little about Force 
Guided Relays. Unlike traditional relays, the force guided variety 
don’t have a long lever arm for the contact arm. The force acting 
on a general purpose relay is near the fulcrum of the arm. With a 
force guided relay, the force acting on the relay is about as close 
to the contact point as one can reasonably get. This arrangement 
puts more force on moving a “sticky” contact apart than the tra- 
ditional variety. Traditional general purpose relays are more likely 
to “spring” away from a stuck contact, while the force guided 
relays are actually pushed (or pulled) away. Force guided relays 
are guaranteed, that when they do stick, they can never have both 
a normally open and normally closed condition simultaneously. 
So, the one stuck contact keeps any other contacts whether nor- 
mally open or normally closed from changing states. Force guided 
relays are slower. Force guided relays are more likely to stick. 
Force guided relays wear out quicker. These are facts as I under- 
stand them. 

I began wondering during my project if it might not be a 


disadvantage, rather than an advantage of the force guided relays 
that they are guaranteed not to have a NO and a NC condition 
simultaneously. Using a normal general purpose relay, using all 
NO contacts, pole #1 could be open, while at the same time pole 
#2 could be closed. This is clearly a faulty state. But, could this 
be to our advantage? Let’s design a simple logic circuit. 
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Let's use a simple start-stop circuit, pulling in a contactor. 
We’ll just say that A, B and C must all be true as a condition for 
our circuit, and we’ll call the result R1. Put another way, 

A.B.C=RI. 

In fig 1., we can see that we can simply use the top pole 
of the relays to achieve our result. A, B and C must all be pow- 
ered on, or logically TRUE to achieve the desired result. 

What if we now build the exact negative of this circuit? It 
would be: A + B + C = R1 = R2, where the bar through the let- 
ter indicates the NOT condition. (See figure 2) The red wires are 
the original circuit and the blue wires represent the negative cir- 
cuit. So, to implement the first circuit with general purpose 
relays, we need 4 relays. To implement the second circuit, we 
also need 4 relays, but if we use the NO contacts for circuit 1 and 
the NC contacts for circuit 2, we can reuse the first 3 relays and 
only need one additional relay! We then use R1 and R2 in our 
start-stop circuit that we are building. If any contact welds shut, 
the circuit will immediately fail, because we will either get both 
R contacts being open or both R contacts being closed... failsafe. 
So, in fact, we use the very fault of the general purpose relays to 
our advantage. When one contact becomes stuck, the other con- 
tacts are not affected, and still work properly. 

Using force guided relays, we essentially must have two 
relays for each logic variable. It is insufficient to wire the A vari- 
able, say, through pole #1 and pole #2 of the same relay (even 
though I have seen this), because of the guarantee of the force 
guided relays. If one contact welds shut, all contacts will follow 
suite, either normally open or normally closed as the case may 
be. So, by definition, if pole #1 NO contact welds shut, pole #2 
NO contact will also still be conducting. Our goal is this: if any 
one relay goes bad, our safety circuit must detect it. So, to 
accomplish this we must have two separate circuits, each identical 
to the other one. Then in the circuit that we are trying to inhibit, 
we use both Rs, in a series circuit, or R1. R2, which makes this 
circuit failsafe. 

As can be seen, the circuit with the force guided relays 
requires 8 relays to be made safe, while the circuit utilizing gen- 
eral purpose relays requires only 5. Add to that the cost of a force 
guided relay with socket is in the neighborhood of $50 each (but 
up to several hundred dollars), while a general purpose relay can 
be purchased for as little as $7 each (more typically $15). So, the 
hardware cost to implement is $400 vs. $35. 

Of course, this is a very simple, made-up situation, but 
reality may not be far removed. It is possible to take any logical 
safety circuit and, using Boolean logic, come up with its negative 
circuit, i.e., one that will always be off when it is on and vice 
versa. In so doing, a person can always use the unused poles of 
their general purpose relay for the task and avoid a costly redun- 
dant circuit using a full set of redundant force guided relays. 
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HISTORICAL TRENDING UNCOVERS POTENTIAL 
RELAY PROBLEMS 


Scott L. Hayes, PG&E 


The prime objective for protection engineers is to achieve 
system reliability by maintaining the physical integrity of installed 
equipment. In this respect, the desired relay settings allow unin- 
terrupted service during episodes of remote faults but trip breakers 
for primary faults. 

Each relay is capable of providing backup protection for 
remote faults when primary breakers fail to trip, allowing fault 
currents to feed from a remote station into the primary fault area. 
After the fact, the protection engineer reconstructs the system 
parameters, using symmetrical components and fault-current 
magnitudes that had been traced by graphical recorders, to deter- 
mine the location of the fault and to assess the adequacy of the 
relay settings. It is a laborious and time-consuming job. 

With the advent of microprocessor relays, sophisticated 
electronics built into the relays provide immediate data relative 
to potential and current transformer (PT/CT) fault magnitudes, 
fault location performance measurements, the DC system char- 
acteristics and circuit breaker status. In addition, communica- 
tions protocols transmit real-time data to operating and mainte- 
nance engineers for immediate rectification of the problem. 

The vast amount of power-system data available requires 
new techniques for extracting relevant information for study. The 
data are archived in event files for operational analysis. 

Pacific Gas & Electric (PG&E, San Francisco, California, 
U.S.) established event files for transmission and distribution cir- 
cuits ranging from 12 kV through 500 kV. These files contain 
data for more than 17,000 events collected over the past 13 years. 


DATA MINING 


The process of data mining (extracting the pertinent infor- 
mation for system protection from the files) provides data for 
assessing relay settings and applies to any text-based data file, 
including those in COMTRADE format. A developed software 
product sorts files on the computer, but a spreadsheet program such 
as Microsoft Excel performs the analysis. This approach allows an 
engineer to change the algorithms to fit his or her requirements 
without requiring the software vendor to make changes. 

Initial relay settings follow established guidelines. Now 
by applying the data mining results, the engineer can reaffirm or 
modify the initial relay settings. 

This analysis process is useful when applied to historical 
data as well as when used for post-fault analysis immediately 
after an event. Typically, stored data includes: 

e PT and CT ratios 

e Line impedance 

e Relay threshold settings 

e Symmetrical components (positive, negative and zero 

sequence impedances) 

e Overcurrent pickup 

e Fault type (for example, line-to-ground, line-to-line or 

three-phase) 


e Fault location 
e Apparent fault resistance. 


ANALYZING HISTORICAL DATA 


The information available from the archived data provides 
an opportunity to address questions involving the preferred 
polarizing method, breaker operating times for tracking breaker 
performance and statistical analysis of ground faults that were 
within the ground instantaneous settings. The increasing volume 
of data collected places an almost insurmountable burden on the 
protection engineer. This is happening without first changing the 
method for data retrieval and analysis. Some kind of automated 
method is required involving either a polling technique or an 
event-notification process. 

Of the two, polling is the simpler method as it is per- 
formed on a time basis. This method is most effective for a small 
system or for a large system broken into many polling subsys- 
tems. The interval between the time of the event and the data 
availability is dependent on the polling interval. The polling 
interval can be longer than the longest time it would take to poll 
every device and download the maximum number of events for 
each device. Thus, the polling interval could be longer than is 
acceptable for providing timely data. 

The event-notification process provides for the fastest 
time between an event and its data download. Most relays gener- 
ate an automatic message or logic bit when an event is triggered; 
therefore, the downloading process occurs immediately follow- 
ing the event. Implementing this system is more complex than it 
sounds because the system must continue to monitor or track 
system operations even during the downloading of events. It 
must identify multiple events triggered between monitoring 
intervals and handle a large volume of trigger notifications. 

In addition to polling and event-notification, high-speed 
communications connections to the relays provide the infrastruc- 
ture to efficiently retrieve large amounts of data. Although not 
required for data retrieval, these high-speed connections can 
improve the process. 


DATA ANALYSIS 


After downloading the events, analysis focuses on predeter- 
mined goals, such as finding the fault contribution for various nodes 
in the system and determining if the relays operated correctly for the 
given conditions. No matter how the utility accomplishes the down- 
loading procedure, it can perform the analysis manually using a cal- 
culator. Analysis of the data can use computer-aided techniques, 
using programs such as MathCAD, Microsoft Excel, or software 
developed by the manufacturer or utility. 

Ultimately, a user desires a fully automated system. The 
PG&E analysis used a fully automated system that dealt with 
automated segments because of the large volume of data. By 
using the computer-aided analysis method on a small scale, one 
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event is downloaded and analyzed by the computer. An event is 
manually “pasted” into an Excel template and the results examined. 
This template is built prior to the analysis with each template 
designed for a particular type of relay event. After developing the 
templates, the automation process is set up. The automation 
process is simply a program for pasting the event data into the 
template and consolidating the event files using Excel links to 
put them into a common file. 


MINING RESULTS 


This first attempt at mining relevant data from historical 
microprocessor-based relay event files reaffirmed some of the 
PG&E practices and ideas. It also revealed that even with over- 
whelming amounts of data now available, the process of storing, 
mining and analyzing these data improve protection quality. In 
the analysis, in most cases the negative sequence voltage polar- 
izing for ground faults was the preferred solution. Furthermore, 
interrupting times and the difference between the seal operating 
times and the current dropout times were an unexpected event. 
The existing policy on setting ground minimum was deemed 
adequate, even though almost 7% of the ground faults occurred 
between 1 PU and 2 PU of the ground pickup. This represents an 
area of concern requiring some future study. 

An important discovery with regard to older style relays 
was that fault identification and location were often incorrect, 
especially when based on the trip initiation event for a time-delay 
trip. Therefore, a problem still exists for obtaining fault locations 
and fault resistance for high-impedance ground faults. 

As more relay data are available, new methods of 
automating the download and analysis processes will be needed 
to mine only the relevant data. The issue of discriminating 
among the data available becomes even more important as high- 
speed communication schemes proliferate and microprocessor- 
based relay installations increase. Managing the data will 
become even more burdensome, necessitating a well-planned 
system that automates data retrieval and analysis for improving 
protection quality and for improving maintenance practices. 


FUTURE WORK 


In the course of the study for efficient mining of data, sev- 
eral topics are worth further consideration. These include using 
statistical data for automated checking programs to flag settings 
that are outside normal ranges; analyzing archived digital fault 
recorder data from 500-kV faults using these same statistical 
methods; tracking individual breaker interrupting times to signal 
required maintenance; and experimenting with high-speed con- 
nection to relays to address security and data-management policies 
for data available by an Internet connection. 
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MICROPROCESSOR-BASED GENERATOR RELAY SHORTENS 
DESIGN CYCLE AND IMPROVES PROTECTION 


John J. Kumm, P.E., System Protection Services SPS, Principal Engineer 


Just recently, SPS (System Protection Services) used the 
Schweitzer Engineering Laboratories SEL-300G Generator Relay 
in a fast-track industrial generator protection project. The capabili- 
ties offered by the relay and its supporting software allowed SPS to 
meet a short design cycle while offering the client high perform- 
ance protection. 

The relay features allowed SPS to apply a single design for 
all three machines, while appropriately accounting for each gener- 
ator’s individual requirements. This saved design time, calendar 
time, and costs in all aspects of the protection project. 


NEW PROTECTION FOR THREE GENERATORS 


The client, a sugar beet processing facility in the Pacific 
Northwest, contacted SPS. A larger project was under way that 
would improve plant availability and allow the plant to sell elec- 
tric power to its local utility. The larger project consisted of the fol- 
lowing parts: 

e Upgrade protection for three existing coal-fired generators 

e Install a new digital governor for each generator 

e Install additional transformer capacity 

e Install a new plant monitoring and load-shedding scheme 

e Install a new recloser and associated relay at the utility 

tie-point 

SPS was invited to design the generator protection upgrade, 
to calculate and deploy the relay settings, and to support the relay 
commissioning. The work was scheduled to be complete in less 
than two months, prior to the start of the fall beet harvest. Figure 
1 shows a simplified single-line of the plant. 

The three existing generators include: 

e A 5000 kW, high-impedance grounded unit connected at 

4160 Vac 

e A 2500 kW, delta connected unit connected at 480 Vac 

e A 1500 kW, wye connected, ungrounded unit connected 

at 480 Vac 

Coal-fired boilers produce steam for the three turbines 
and also provide steam for the sugar refining process. The original 
plant transformer capacity and utility contracts prevented the 
plant from operating all three generators at full capacity and selling 
excess power back to the utility. Further, outages on the utility 
distribution feeder would cause a complete plant shutdown. 

Normal in-plant load is greater than the combined capa- 
bility of the three generators. The new plant monitoring and load- 
shedding scheme is designed to trip non-critical loads in the 
event of a feeder trip, allowing the in-plant generators to carry 
critical loads and maintain plant operation. The added trans- 
former capacity would make it possible for the plant to sell 
excess power back to the utility during summer periods if in- 
plant load is low and electricity prices profitable. The increased 
importance of the generators to plant operation suggested an 
upgrade to their controls and the original protection, which con- 
sisted of a few single-function electromechanical relays that 
were installed when the generators were new. 
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Figure 1. Simplified Plant Single-Line Diagram 


For the protection upgrade, the client had selected the 
SEL-300G Relay, a microprocessor-based generator relay built 
by SEL (Schweitzer Engineering laboratories, Inc.) of Pullman, 
WA. This selection proved to be beneficial to the project for sev- 
eral reasons: 

e The SEL-300G Relay programmability allowed a single 
electrical design to be applied for the three individual 
machines. 

e This common design allowed the majority of relay set- 
tings to be the same for all three machines. 

e SEL’s setting database software allowed the relay set- 
tings to be created quickly and deployed accurately. 

¢ The commonality of the designs and settings, along with 
the step-by-step test instructions, allowed one test tech- 
nician and myself to thoroughly test and commission all 
three relays in less than two work-days. 


PROGRAMMABLE LOGIC SIMPLIFIES ELECTRICAL DESIGN 


In any protective relay application, the most important 
output contact function is to trip the circuit breaker, isolating the 
protected apparatus in the event of an electrical fault or abnormal 
operating condition. In older generator protection schemes, as 
many as 12 or more individual relays are grouped together. Each 
relay is designed and set to detect a particular type of fault or 
abnormal operating condition. Each relay is equipped with one 
or more output contacts that must be wired — usually through 
individual test switch poles — to trip one or more generator lock- 
out relays which in turn trip the generator main circuit breaker, 
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the field breaker or exciter, the governor or turbine valves, adjacent 
auxiliary circuit breakers, and may also initiate load-shedding or 
load-transfer control actions. Due to their electrical complexity, 
these schemes take considerable time to design, construct, and test. 
If a change to the scheme function is required, additional time- 
investments are significant to affect and prove the change to the 
scheme wiring. 

Modern microprocessor-based generator relays are multi- 
function devices that incorporate the several generator protection 
functions into a single device that makes one set of electrical 
measurements. The single relay performs the protection functions 
that previously were performed by many individual devices. 
When a fault or abnormal operation condition occurs, the relay 
trips the generator lockout(s) through one or two output contacts. 

Instead of using extensive DC control wiring connections 
as the old-fashioned protection scheme above does, the protec- 
tion engineer uses programmable logic within the multifunction 
relay to connect the protection functions together. The integrated 
protection functions and programmable logic dramatically simplify 
external wiring. 

In the sugar plant application, two output contacts from 
each relay perform generator breaker and governor tripping for 
ten protection elements. Typically, a generator lockout relay con- 
tact is connected to prevent the generator breaker from being 
closed after the generator is shut down due to a protection trip. 
Since the two 480 Vac generators are not equipped with lockout 
relays, an additional SEL-300G Relay output contact was con- 
nected to perform the Close Inhibit function. Two contact inputs 
on each relay were connected to monitor the generator breaker 
position and a Trip Inhibit control switch, used by the operator to 
disable the relay for testing purposes. 

The SEL-300G Relay programmable logic allowed SPS 
to design very simple DC connections to be used for all three 
generators, with exception of the Close Inhibit output which was 
unnecessary on the 4160 Vac machine. Differences between the 
tripping functions used on each machine were, instead, very effi- 
ciently accounted for in the relay setting development. 


TEMPLATE REDUCES RELAY SETTING CALCULATION TIME 

The SEL-300G Relay is a very flexible and capable gen- 

erator relay. SPS has applied models of this relay to protect 

machines as small as those discussed here, to as large as SOOMW. 

In addition to the standard generator protection functions, the 

relay adds a number of useful metering, monitoring, and reporting 

capabilities, including recently added support of an external RTD 

(resistance temperature device) temperature measuring device that 

measures up to twelve individual temperatures. 

The wide array of features and functions are supported by 

a large number of settings. The quantity of settings would be a 

burden on the design time, if it were not for three advantages: 

1. The initial relay settings are a list of configuration settings 
that enable or disable selected protection functions. 
Unneeded functions are disabled and do not require fur- 
ther settings. 

2. The similarity of the designs for the three generators 
allowed SPS to develop a single setting template. The 
template leaves a small number of settings that must 
be adjusted to accommodate the differences between 
machines, further reducing the setting burden. 

. Relay setting database software, discussed in detail 
below, allowed the template to be quickly copied and 
edited, speeding the task of customizing the settings for 
each machine. 


W 


Table 1 shows the type and number of relay settings 
offered by the SEL-300G Relay model used in these applica- 
tions. The table also illustrates the settings-count reduction (and 
associated design-time reduction) offered by the use of a well- 
designed setting template. 


Table 1: SEL-300G Relay Settings Counts 


ettines 
Global Settings 
Sequential Events 
Reporting Settings 
Serial Port 

















“The total seres count required by the relay in each Category is the sum of template and 
custom settings counts 


SOFTWARE TOOLS REDUCE SETTING DEVELOPMENT AND 
DEPLOYMENT TIME 

Like all SEL relays, the SEL-300G Relay is supported by 
a PC-software tool called the SEL-5010 Relay Assistant Software. 
The SEL-5010 software acts as a relay setting development, storage, 
and deployment tool. The software user can: 

e Develop a relay setting template 

e Copy that template to individual records for several 

relays 

e Customize the database entries for the relays as needed 

e Quickly download settings to the target relays 

For the sugar plant project, SPS first developed the general 
relay settings template on paper, then entered the template settings 
into an SEL-5010 database record. After performing the calcula- 
tions for the each generator’s customized settings, SPS copied 
the template to a new database record named for an individual 
generator. Finally, we entered the customized settings for that 
machine into the database record for that machine. Repeating 
these steps yielded a complete database record for each generator 
relay. The SEL-5010 software saved time at this step because 
only the 29 customized relay settings for each generator needed 
to be entered for a given machine because the template contained 
the settings that are identical among the relays. Including the data 
entry for the original template development, only 381 settings were 
entered to tabulate nearly 1000 settings used by the three relays. 

The software offered an additional time savings when it 
was time to load the settings into the relays at the plant. Rather 
than manually re-typing the 1000 individual settings into the 
three relays, the software downloads the settings through a direct 
serial-cable connection. We loaded settings into all three relays 
in less than 45 minutes, including set-up time. The SEL-5010 
software also supports relay setting download using a dial-up 
connection and — with the latest software and additional hard- 
ware — using an Ethernet connection from your desktop PC. 
Many newer SEL relays allow the SEL-5010 software to perform 
what SEL calls ‘Block Transfer’ of relay settings, a feature that 
further reduces the time necessary to download settings into the 
relay. 

In addition to saving time in the field, downloading set- 
tings from the SEL-5010 software removes the possibility that a 
typographical error can occur during setting entry. Applying a 
setting template also reduces the potential for error at the data- 
base-creation end of the process. These factors contribute to a 
higher quality deliverable for our clients. 


Circuit Breakers and Switchgear Handbook - Vol. 3 


75 





RELAY TOOLS REDUCE COMMISSIONING COST 


In early August the design was complete, setting databases 
created, and the relays were installed. I visited the site to deliver 
the relay settings and support the technician who would perform 
the commissioning tests on the new relays. After downloading 
the relay settings, we made the necessary electrical checks and 
connections, then referred to the SEL-300G Relay Instruction 
Manual section on Relay Commissioning. This section of the book 
consists of over 100 pages. Using the detailed testing instructions, 
we commissioned all three new relays — including AC and DC 
wiring checks and tests of all the applied protection elements — in 
less than two work-days. 

Several factors allowed us to perform the work quickly: 

e The high degree of similarity between the protection 
schemes meant there were few performance differences 
to sort out from relay to relay. 

e The relay reporting capabilities made AC and DC con- 
nection checks simple. 

e Detailed test procedures in the relay instruction manual 
meant there was little time spent on test operator errors. 

e High quality workmanship by the plant electricians who 
installed the relays meant there were few errors to detect 
and correct. 

Because the commissioning work was completed so quick- 
ly, everyone concerned was able to move forward with other 
activities. The test technician was able to reduce his on-site time 
by a full day. 


EVENT REPORTING IMPROVES OPERATIONS 


The generator protection was required to trip sooner than 
anyone expected. With the plant in full operation, the relay con- 
nected to the utility tie recloser detected the start-up of a large 
induction motor and incorrectly tripped the tie, separating the plant 
from the utility. Unfortunately, the new load-shedding scheme 
did not operate as planned to clear non-critical loads. Since the 
generators were overloaded, their operating frequency began to 
drop, reaching 56 Hz within a few seconds. Six seconds after the 
tie recloser opened, all three SEL-300G Relays correctly tripped 
their respective generator circuit breakers due to the low frequen- 
cy. 

Initially, plant personnel believed that the generator relays 
had misoperated, incorrectly shutting down the plant. Within a 
few hours, analysis of the event reports and sequence-of-events 
reports provided by the generator SEL-300G Relays and the util- 
ity relay controlling the tie recloser showed the actual cause of 
the trips and that there was no electrical fault present within the 
plant. The information in the reports provided by the relays gave 
plant management the confidence to quickly restart production. 


CONCLUSIONS 


Multifunction generator relays such as the SEL-300G 
Relay — and the software tools that support them — allow engi- 
neering firms such as SPS to deliver high quality protection projects 
quickly and at reduced cost to the client when compared with 
protection schemes based on single-function relays. In addition, 
high performance microprocessor-based relays measure more 
accurately, serve with higher availability, and report their activities 
in greater detail than is possible using older technology. 
Continuing development by the relay manufacturers and by 
third-party providers allow multifunction relays to be active 
components of plant and SCADA (supervisory control and data 
acquisition) systems. All these factors combine to make micro- 
processor-based relays the best choice for any protection appli- 
cation that they are available to support. 
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COMMONLY USED IEEE SWITCHGEAR DEVICE NUMBERS 


12 OVER-SPEED DEVICE is usually a direct-connected speed 
switch which functions on machine overspeed. 

15 SPEED OR FREQUENCY MATCHING DEVICE is a device 
that functions to match and hold the speed or the frequency of a 
machine or of a system equal to, or approximately to, that of anoth- 
er machine source or system. 

21 DISTANCE RELAY is a relay that functions when the circuit 
admittance, impedance, or reactance increases or decreases beyond 
predetermined limits. 

25 SYNCHRONIZING OR SYNCHRONIZM-CHECK DEVICE is a 
device that operates when two AC circuits are within the desired limits 
of frequency, phase angle, or voltage, to permit or to cause the parallel- 
ing of these two circuits. 

32 DIRECTIONAL POWER RELAY is a device that functions on a 
desired value of power flow in a given direction or upon reverse 
power. 

38 BEARING PROTECTIVE DEVICE is a device that functions on 
excessive bearing temperature, or on other abnormal mechanical 
conditions associated with the bearing, such as undue wear, which 
may eventually result in excessive bearing temperature or failure. 
39 MECHANICAL CONDITION MONITOR is a device that func- 
tions upon the occurrence of an abnormal mechanical condition 
(except that associated with bearings as covered under device func- 
tion 38), such as excessive vibration, eccentricity, expansion, shock, 
tilting or seal failure. 

40 FIELD RELAY is a relay that functions on a given or abnormal- 
ly low value or failure of machine field current, or on an excessive 
value of the reactive component of the armature current in an AC 
machine indicating abnormally low field excitation. 

41 FIELD CIRCUIT BREAKER is a device that functions to apply 
or remove the field excitation of a machine. 

43 MANUAL TRANSFER OR SELECTOR DEVICE is a manual- 
ly operated device that transfers the control circuits in order to mod- 
ify the plan of operation of switching equipment or of some of the 
devices. 

46 REVERSE-PHASE OR PHASE-BALANCE CURRENT 
RELAY is a relay that functions when the polyphase currents are of 
the reverse phase sequence, or when the polyphase currents are 
unbalanced or contain negative phase-sequence components above a 
given amount. 

47 PHASE-SEQUENCE VOLTAGE RELAY is a relay that functions 
upon a predetermined value of polyphase voltage in the desired 
sequence. 

50 INSTANTATANEOUS OVERCURRENT OR RATE-OF-RISE 
RELAY is a relay that functions instantaneously on an excessive 
value of current or on an excessive rate of current in an AC circuit 
exceeds a predetermined value. 

51 A-C TIME OVERCURRENT RELAY is a relay with either a 
definite or inverse time characteristic that functions when the current 
in an AC circuit exceeds a predetermined value. 

52 A-C CIRCUIT BREAKER is a device that is used to close and 
interrupt an AC power circuit under normal conditions or to interrupt 


this circuit under fault or emergency conditions. 

59 OVERVOLTAGE RELAY is a relay that functions on a given 
value of overvoltage. 

60 VOLTAGE OR CURRENT BALANCE RELAY is a relay that 
operates on a given difference in voltage, or current input or output, 
of two circuits. 

62 TIME-DELAY STOPPING OR OPENING RELAY is a time- 
delay relay that serves in conjunction with the device that initiates the 
shutdown, stopping or opening operation in an automatic sequence 
or protective relay system. 

64 GROUND PROTECTIVE RELAY is a relay that functions on 
failure of the insulation of a machine, transformer, or other appara- 
tus to ground, or on flashover of a DC machine to ground. 

Note: This function is assigned only to a relay that detects the flow 
of current from the frame of a machine or enclosing case or struc- 
ture of a piece of apparatus to ground, or detects a ground on a nor- 
mally ungrounded winding or circuit. It is not applied to a device 
connected in the secondary circuit of a current transformer, or in the 
secondary neutral of current transformers, connected in the power 
circuit of a normally grounded system. 

65 GOVERNOR is the assembly of fluid, electrical, or mechanical 
control equipment used for regulating the flow of water, steam, or 
other medium to the prime mover for such purposes as starting, hold- 
ing speed or load, or stopping. 

67 A-C DIRECTIONAL OVERCURRENT RELAY is a relay that 
functions on a desired value of AC overcurrent flowing in a prede- 
termined direction. 

79 A-C RECLOSING RELAY is a relay that controls the automatic 
relcosing and locking out of an AC circuit interrupter. 

81 FREQUENCY RELAY is a relay the operates on a predeter- 
mined value of frequency (either under or over or on normal system 
frequency) or rate of change of frequency. 

86 LOCKING-OUT RELAY is an electrically operated hand, or 
electrically, reset relay or device that functions to shutdown or hold 
an equipment our of service, or both, upon the occurrence of abnor- 
mal conditions. 

87 DIFFERENTIAL PROTECTIVE RELAY is protective relay that 
functions on a percentage or phase angle or other quantitative differ- 
ence of two currents or of some other electrical quantities. 

SUFFIX LETTERS permit a manifold multiplication of available 
function designations for the large number and variety of devices 
used in the many types of equipment. They may also serve to denote 
individual or specific parts or auxiliary contacts of these devices or 
certain distinguishing features, characteristics, or conditions which 
describe the use of the device or its contacts in the equipment. 
Letter suffixes should, however, be used only when they accomplish 
a useful purpose. For example, when all of the devices in an equip- 
ment are associated with only one kind of apparatus, such as a feed- 
er or motor or generator, it is common practice, in order to retain 
maximum simplicity in device function identification, not to add the 
respective suffix letter F or M or G to any of the device function 
numbers. 
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RELAY SETTINGS FOR A MOTOR WITH POWER 
FACTOR CORRECTION CAPACITOR 


ABB 


The present document discusses the effect of power factor 
(pf) correction of 3-phase synchronous motors on the settings of 
motor protection relays. The calculation of the corrected rated 
current of the motor, and the corrected start-up current of the 
motor are described by means of an example. 

This document only deals with the correction made by 
installing a capacitor in parallel with the motor. Other types of 
power factor correction are not discussed. 

The rules given in this document are applicable for all 
motor protection relays, like SPAM 150 C, REM 610, REX 521, 
REM 541/543/545, REF 541/543/545 and REF542plus. 


INTRODUCTION 


Power factor (pf) is the ratio of the actual power (“real 
power’) to the apparent power. The value of the power factor is 
always less than or equal to 1. Light bulbs and resistance heaters, 
for example, draw pure resistive current (i.e. pf = 1) from the net- 
work, but most other loads tend to draw current with a time lag 
(i.e. phase shift). As is well known, the power factor of an asyn- 
chronous 3-phase motor is inductive and typically within the 
range 0.8 to. 0.9. A low power factor means waste of electrical 
energy. Further it reduces the distribution capacity of the power 
system by increasing the current flow and causing voltage drops. 
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Fig. 2-1 Uncorrected motor current. Ic, Ip, and lg are apprent, actual and 


inductive current, respectively. 


For correcting the inductive current (IQ) of the motor, a 
capacitor producing capacitive current (IQC) is used. 


Fig. 2-2 Corrected motor current(|¢g,). 

This document only deals with the correction made by 
installing a capacitor in parallel with the motor, as shown in Fig. 
2.-3. The current measured by the motor protection relay is the 
corrected motor current and thus the relay settings must be 
adjusted to take account of the degree of correction. Irrespective 
of whether the correction capacitor is connected before the relay 
measuring point, or a centralized correction capacitor (connect- 
ed directly to the busbar) is used, the relay will measure pure 
motor current. In these cases, the correction does not affect the 
relay settings. 


Apact 


Fig. 2.-3 Power factor correction capacitor in parallel with a motor. 


CORRECTED MOTOR RATED CURRENT 


The capacitive current (IQC) of the capacitor compen- 
sates for the inductive current of the motor (IQ). As a result, the 
corrected motor current is smaller than the rated current of the 
motor. The motor protection settings must be based on the cor- 
rected motor current; otherwise the motor will be under-protected. 
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When the reactive power of the capacitor, network volt- 
age, motor rated current and power factor (cos @) are known the 
corrected current can be calculated. 


CORRECTED MOTOR START CURRENT 


Should the power factor at start be known, the equations 
2-4 can be used for calculating the corrected start current of the 
motor: 

Example. U = 6.6 kV, JS = 68 A and cos_ = 0.85. Motor 
start current is7.8 x JS = 530.4 A and cos = 0.15. From the pre- 
vious calculations we know JOC = 19.2A and /Corr. = 60.1 A. 


Irene, = S304A © O19" 946A 


Y (390.4) (79672 SMAA 





Often the power factor at start is not known. Then, the 
active current at start can be assumed to be the same as in the 
rated situation (i.e. JP Start = IP ) 


Dani = S230 4AT - 157. BAT = 5272A 


po = MÍTEAS +152724-192A1 = 3113A 


As a result, the power factor correction reduces the start- 
up current, but in the relay setting calculation, the relay should 
be set according to the ratio of the starting current and the cor- 
rected rated current. That is, the relay is set for a starting current 
= 511.4A/60.1A = 8.51 times the rated current, instead of 7.8 
times. 

The actual start current of the motor may be reduced 
because of the reduced phase voltage during the motor start, 
owing to a weak power system and/or long motor feeder cables. 
At the same time, the motor start time will increase. From the 
protection relay point of view, the relay can be set either on the 
basis of the calculations done with the full voltage, or on the 
basis of the actually measured start current and time. 
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OVERCURRENT COORDINATION SETTING 
GUIDELINES FOR TRANSFORMERS 


SKM, System Analysis Inc. 


The information presented in this application guide is for 
review, approval, interpretation and application by a registered 
professional engineer only. SKM disclaims any responsibility 
and liability resulting from the use and interpretation of this 
information. 

Reproduction of this material is permitted provided proper 
acknowledgement is given to SKM Systems Analysis Inc. 


INTRODUCTION 


The proper selection and coordination of protective devices 
is mandated in article 110.10 of the National Electrical Code. To 
fulfill this requirement, an overcurrent coordination study is 
required. The electrical engineer is always responsible for this 
analysis. Itis an unfortunate fact of life that many times the engi- 
neer who specified and purchased the equipment will not set the 
devices. Therefore, compromises are inevitable. 

There are three fundamental objectives to overcurrent 
coordination that engineers should keep in mind while selecting 
and setting protective devices. 

e The first objective is life safety. Life safety requirements 

are met if protective devices are rated to carry and inter- 
rupt maximum available load currents, as well as, with- 
stand and interrupt maximum available fault currents. 
Life safety requirements are never compromised. 
The second objective is equipment protection. Protection 
requirements are met if overcurrent devices are set above 
load operating levels and below equipment damage 
curves. Feeder and transformer damage curves are 
defined in applicable equipment standards. Motor and 
generator damage curves (points) are machine specific, 
and are normally provided in the vendor data submittal 
package. Based on system operating and equipment siz- 
ing practices equipment protection is not always possible. 
The last objective is selectivity. Selectivity requirements 
are met if, in response to a system fault or overload, the 
minimum area of the distribution system is removed from 
service. Again, based on system operating and equipment 
selection practices, selectivity is not always possible. 


PURPOSE 


The purpose of this guide is to provide overcurrent protec- 
tive device setting guidelines for transformers to meet the objec- 
tives listed above. 


MV TRANSFORMER SWITCHGEAR FEEDER UNIT 


Industry standard overcurrent protection schemes for MV 
transformers fed from switchgear circuit breakers include an 
instantaneous overcurrent relay (device 50/51). The 50/51 relay 
characteristics are plotted on a phase TCC along with the trans- 
former and feeder damage curves. 


The purpose of the phase overcurrent relay is to allow for 
full use of the transformer, and to protect the transformer and 
cable from overloads and faults. To accomplish this, the relay 
curve should be to the right of the transformer FLA rating and 
inrush point, and to the left of the transformer and cable damage 
curves and the cable amp rating. 

Suggested margins are listed below that have historically 
allowed for safe operation of the transformer and cable while 
reducing instances of nuisance trips. 





Device Function Recommendations Comments 

















CT Size 200% of FLA FLA on base rating. 
51 Pickup 110-140% of FLA Set below the transformer damage 
curve. 
Set at or below cable ampacity. 
Time Dial let-thru current Set below the transformer damage 
@ 1.0 second curve. 
Set at or above low voltage main 
device. 
50 Pickup 200% of let-thru Set below cable damage curve. 


or 200% of inrush Cable damage curve must be 
above the maximum fault current 


at 0.1 seconds. 





0155 


` 
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Figure 1. MV transformer switchgear feeder unit — one line 


MV TRANSFORMER FUSED SWITCH FEEDER UNIT 


E-rated power fuses are typically used in fused switches 
serving MV transformers. Fuses rated 100E or less must trip in 
300 seconds at currents between 200 and 240% of their E ratings. 
Fuses above 100E must trip in 600 seconds at currents between 
220 and 264% of their E ratings. The fuse characteristics are 
plotted on a phase TCC along with the transformer and feeder 
damage curves. 


80 


Circuit Breakers and Switchgear Handbook - Vol. 3 





The purpose of the fuse is to allow for full use of the trans- 
former, and to protect the transformer and cable from faults. To 
accomplish this, the fuse curve should be to the right of the trans- 
former inrush point and to the left of the cable damage curve. 
Typically, the fuse will cross the transformer damage curve. The 


secondary main device provides overcurrent protection for the 
circuit. 
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Figure 2. MV transformer switchgear feeder unit — phase TCC 


Suggested margins are listed below that have historically 
allowed for safe operation of the transformer and cable while 
reducing instances of nuisance trips. 





Device Function Recommendations 
CT 200% of FLA 
50 E-rating > FLA 


Comments 





Size FLA on base rating. 


Fuse Size FLA based on the top rating of the 


unit. 





Size at or below cable ampacity. 


Size above transformer inrush point 
of 12 x nominal FLA at 0.1 seconds. 





Size above transformer inrush point 
of 25 x nominal FLA at 0.01 seconds. 





Cable damage curve must be above 
the maximum fault current at 0.01 
seconds. 
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Figure 3. MV transformer fused switch feeder unit — one line 
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Figure 4. MV transformer fused switch feeder unit — phase TCC 


LV TRANSFORMER CB FEEDER UNIT 


Industry standard overcurrent protection schemes for LV 
transformers fed from circuit breakers equipped with long-time, 
short-time and instantaneous functions are dealt with in detail on 
the following page. The circuit breaker characteristics are plotted 
on a phase TCC along with the transformer and feeder damage 
curves. 

The purpose of the circuit breaker is to allow for full use 
of the transformer, and to protect the transformer and cable from 
overloads and faults. To accomplish this, the circuit breaker 
curve should be to the right of the transformer FLA rating and 
inrush point, and to the left of the transformer and cable damage 
curves and the cable amp rating. 
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Suggested margins are listed below that have historically 
allowed for safe operation of the transformer and cable while 
reducing instances of nuisance trips. 





Device Function Recommendations Comments 


51 LTPU 100-125% of FLA Set below the transformer damage 
curve. 
Set at or below cable ampacity. 
LTD, STPU Set to coordinate Set below the transformer damage 
& STD with downstream curve. 
devices 
50 Instantaneous 200% of inrush Set below cable damage curve. 


Cable damage curve must be above 
the maximum fault current at the 
CB total clear curve. 
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Figure 5. LV transformer CB feeder unit — one line 
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Figure 6. LV transformer CB feeder unit — phase TCC 


LV TRANSFORMER FUSED SWITCH FEEDER UNIT 

Class J (<600A) and Class L (>600A) fuses are typically 
used in fused switches serving LV transformers. The fuse char- 
acteristics are plotted on a phase TCC along with the transformer 
and feeder damage curves. 

The purpose of the fuse is to allow for full use of the trans- 
former, and to protect the transformer and cable from faults. To 
accomplish this, the fuse curve should be to the right of the trans- 
former inrush point and to the left of the cable damage curve. 
Typically the fuse will cross the transformer damage curve. The 
secondary main device provides overcurrent protection for the 
circuit. 

Suggested margins are listed below that have historically 
allowed for safe operation of the transformer and cable while 
reducing instances of nuisance trips. 





Comments 


FLA based on the top rating of the 
unit. 

Size at or below cable ampacity. 
Size above transformer inrush point 
of 12 x nominal FLA at 0.1 seconds. 


Device Function Recommendations 
50 Fuse Size 100-125% of FLA 








Size above transformer inrush point 
of 25 x nominal FLA at 0.01 seconds. 





Cable damage curve must be above 
the maximum fault current at 0.01 
seconds. 
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Figure 7. LV transformer fused switch feeder unit — one line 


82 





CURRENT IN AMPERES 
toon 








k e 
Ñ 4 
IN M 
R = 
iw ruse} N tn 
i o Y 3 
e = 
o 
Y a 
Ñ 
X 
X 
ay 
0.10 y 
Ñ 
Ñ] aooo « 
N 
H 
a 
0.01 ù 
ne 1 in 1m L Wk 
LY TX COFU tcc Ref Voltage 400 CumentScalexigri one lite dnw 
Figure 8. LV transformer fused switch feeder unit — phase TCC 


TRAMETO NBL? 
DAMAN UN 





Circuit Breakers and Switchgear Handbook - Vol. 3 
REFERENCES 


e Other Application Guides offered by SKM Systems Analysis at 
www.skm.com 


e Electrical Transmission and Distribution Reference Book, 
ABB Power T&D Company, Raleigh, North Carolina, 1997 


e Protective Relaying Theory and Applications, 2nd Edition, 

Marcel Dekker, New York, 2004 

The latest revision of: 

+ IEEE Std 242, IEEE Recommended Practice for Protection 
and Coordination of Industrial and Commercial Power 
Systems (IEEE Buff Book) 


e IEEE Std C37.91, IEEE Guide for Protective Relay 
Applications to Power Transformers 








Circuit Breakers and Switchgear Handbook - Vol. 3 


83 





MAXIMIZING THE LIFE SPAN OF YOUR RELAYS 


Agilent Technologies 


WHO SHOULD READ THIS APPLICATION NOTE? 


This application note is for automated test engineers and 
engineers who use a data logger for R&D or production testing. 
In it, you will find information that will help you select the right 
relays for your switching application, realistically predict the 
longevity of your relays, and prevent early failures. 


INTRODUCTION 


Electromechanical relays can be used as actuators, as 
switches to route power to electrical devices, or for signal routing 
within a device or between different instruments. In data acqui- 
sition applications, relays are used to connect multiple transducers 
to a single measuring device. 

Most electromechanical relays are driven electromagneti- 
cally. A magnetic flux is generated by passing current through a 
coil. This magnetic flux causes an armature to move, and the 
movement causes isolated electrical contacts to open or close, 
thus making or breaking electrical connections. 

As with all mechanical devices, relays eventually wear out. 
If you use the right relays for the type of measurements you are 
making and derate them appropriately, you can protect your relays 
against early failure and prevent damage to your test instruments. 


SELECTING THE RIGHT RELAY 


Selecting the correct relay for your application is critical 
to the longevity of your relays. Four types of relays are commonly 
used in switching and signal routing; each offers distinct advantages 
and disadvantages, and each works best for certain applications. 


Reed relays — When you need to switch at high speeds, 
reed relays typically are a good choice. In general, reed relays 
switch much faster than armature relays, have very low contact 
resistance and offer the added benefit of being hermetically 
sealed. They do not have the capacity to carry as high voltages 
and currents as armature relays. 


Mercury-wetted relays — Mercury-wetted relays have 
long lives, don’t suffer from contact bounce, and have very low 
contact resistance. However, they are position-sensitive, and 
must be mounted in the correct orientation to operate properly. 
Environmental concerns about mercury have limited the popular- 
ity of mercury-wetted relays. 


Armature relays — Because of their ruggedness and ability 
to handle higher currents and voltages, armatures are the most 
commonly used relays. Armature relays usually have low resist- 
ance. They generally have slower switch times, and they are 
somewhat more susceptible to arcing than the other types. Some 
armature relays are sealed; others are not. 


Solid-state relays — Solid-state relays typically are used 
for switching highpower circuits, such as AC line voltages. 
Solid-state relays have no moving parts and are arc-free. 
However, they generally have a higher “on resistance” than is 
acceptable in low-level signal switching applications. 


PREDICTING RELAY LIFE SPANS 


Relay manufacturers specify how long their relays will 
last, but the expected lifetime will vary depending on the loads 
they are subjected to. For resistive loads, manufacturers’ specifi- 
cations are typically fairly accurate. On the other hand, if you are 
using capacitance or inductance, your relay life span will be 
shorter than the manufacturer’s specification. How much shorter 
depends on the type of loads you are switching. Derating gives 
you a realistic picture of how long your relay will last. Loads can 
be classified into five general groups. 


Resistive loads — Relay manufacturers assume you will 
be using resistive loads when they rate their relays. The load is a 
simple resistive element, and it is assumed that the current flow 
through the contacts will be fairly constant, although some 
increase may occur due to arcing during “make” or “break”. 
Ideally, a relay with a purely resistive load can be operated at its 
stated voltage and current ratings and attain its full lifetime. 
Industry practice, however, is to derate to 75 percent of the 
relay’s stated capacity. 


Talde 1. Relay charectariatics 


Relay type 


Reed Mercury wetted Acraeture Sehi seare 





teen 10/4 ' J 50/» ha 


Lin 10 muline 











Inductive loads — Switching inductive loads is difficult, 
primarily because current tends to continue to flow in inductors, 
even as contacts are being broken. The stored energy in inductors 
induces arcing; arc-suppression schemes are frequently used. 
When you are switching inductive loads, you typically will want 
to derate relay contacts to 40 percent of the resistive load rating. 


Capacitive loads — Capacitors resemble short circuits 
when they are charging, so the in-rush current from a capacitive 
load can be very high. Series resistors are often used to limit in- 
rush current; without a limiting resistor, contact welding may 
occur. When you are switching capacitive loads, you typically 
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will want to derate your relay to 75 percent of the resistive rating. 


Motor loads — When an electric motor starts up, it has 
very low impedance and requires a large in-rush current to begin 
building a magnetic field and begin rotating. Once it is running, 
it generates a back electromagnetic force (emf), which can cause 
a large inductive spike when the switch is opened. The result is a 
large in-rush current at “turn-on” and arcing at “turn-off”. When 
you are switching a motor load, typical industry practice is to 
derate to 20 percent of the resistive rating. 


Incandescent loads — An incandescent lamp is considered 
a resistive load. However, the resistance of a hot tungsten fila- 
ment is 10 to 15 times greater than its resistance when it is cold. 
The high in-rush current into a cold filament can easily damage 
relay contacts. When you are switching incandescent loads, you 
will want to derate relay values to 10 percent of the resistive load 
rating. When possible, consider placing a current-limiting resistor 
in series with the filament to limit this in-rush current. 


PROLONGING RELAY LIFE 


Table 2. 
Relay derating factors for common load types 














Type ofload Percent of rated value 
Resistive 75 
Inductive 40 
Capacitive 15 
Molor 20 
Incandescent 10 





Table 2 summarizes relay switch derating factors based on the type of load switched: 


Over time, your switching system typically accumulates a 
large number of switch closures, so prolonging relay life is 
important. The most common relay types — with the exception of 
solid-state relays — rely on the mechanical closing of metal-based 
contacts that are covered with a thin surface film. 

As these electrical contacts are closing, a large electrical 
field is generated between them, which can initiate an arc. An arc 
also can form when these contacts open. This is particularly true 
if the load you are switching is inductive. Arcing, and the welding 
of contacts that is associated with it, affects relay contact relia- 
bility and life span. Other factors that affect contact reliability 
and life include the types of loads being switched, high power or 
high-voltage switching, the heat capacity and thermal resistance 
of the contacts themselves, and the surrounding ambient temper- 
ature. The maximum voltage, current, and power specifications 
of the relay contacts must be within the expected signal levels 
being switched. Switch contacts often can carry more energy 
than they can break at a switching point. In all cases, your con- 
tacts will last longer if you switch lower energy. 


SUPPRESSION CIRCUITS 


As we mentioned earlier, you may want to limit the surge 
current into the relay contacts. Whenever a relay contact opens 
or closes, electrical breakdown or arcing can occur between the 


contacts. Arcing can cause high-frequency noise radiation, voltage 
and current surges, and physical damage to the relay contacts. 
For capacitive loads, you can use a simple resistor, inductor, or 
thermistor in series with the load to reduce the in-rush current. 
For inductive loads, you can use techniques to clamp the voltage. 

You can also place clamps, a diode, a zener diode, a varis- 
tor, or a resistor/capacitor (RC) network in parallel with the load 
as a snubber or suppression circuit. In the next section, we’ll take 
a closer look at RC networks and varistors (Figure 1). 
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Figure 1. Suppression circuitfor limiting surge voltage 


RC PROTECTION NETWORKS 


When you design RC protection networks, you select the 
protection resistor (Rp) as a compromise between two resistance 
values. The maximum acceptable relay contact current (Imax) 
determines the minimum value of Rp. If you assume the maximum 
allowable relay current (Imax) is 1 A dc or ac rms, the minimum 
value for Rp is V/lo, where V is the peak value of the supply 
voltage. 


Ap = V Ad 
~ 2 


max 


Usually, the maximum value for Rp is made equal to the 
load resistance (RL). Therefore, the limits on Rp can be stated as: 


V 
——<R ¿<BR 


max 


The actual value of the current (lo) in a circuit is deter- 
mined by the equation: 


where V is the peak value of the source voltage, and RL is 
the resistance of the load. You will use the value for lo to deter- 
mine the value of the protection capacitor (Cp). 

You need to consider several factors when you want to 
determine the value of the protection network capacitor (Cp). 
First, the total circuit capacitance (Ctot) must be such that the 
peak voltage across the open relay contacts does not exceed the 
maximum voltage rating of the relay. For a rating of 300 Vrms, 
the equation for determining the minimum allowable circuit 
capacitance is: 


Crot > (lo /300)? x L 
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Where L is the inductance of the load, and lo is the cur- 
rent value calculated earlier. 

The total circuit capacitance (Ctot) is made up of the 
wiring capacitance plus the value of the protection network 
capacitor Cp. Therefore, the minimum value for Cp should be the 
value obtained for the total circuit capacitance (Ctot). The actual 
value used for Cp should be substantially greater than the value 
calculated for Ctot. 


USING VARISTORS 


Use a varistor when adding an absolute voltage limit 
across the relay contacts. Varistors are available for a wide range 
of voltage and clamp energy ratings. Once the circuit reaches the 
varistor’s voltage rating, the varistor’s resistance declines rapidly. 
A varistor can supplement an RC network, and is especially use- 
ful when the required capacitance (Cp) is too large. 


CONCLUSION 


You can maximize your relay’s potential life if you choose 
the correct relay type, if you keep voltage, current and power rat- 
ings within the relay’s ratings (derated as appropriate for a given 
load type), and if you add snubber circuits as required. 


REFERENCES 
Agilent 34970 Data Acquisition and Control Unit Users Manual 


Electronic Engineer’s Reference Book, Edited by FF Mazda 


Electronic Engineer’s Handbook, Fourth Edition, Donald 
Christiansen 


GLOSSARY 


Derate — lowering the manufacturer’s ratings for a relay based on 
the load type 


Snubber circuit — same as suppression circuit 


Suppression circuit — a circuit used to limit the surge current into 
relay contacts 


Varistor — a protective device used on low-voltage ac circuits to 
limit transient overvoltages and divert transient currents 


Zener diode — a device used as a voltage regulator 


RELATED AGILENT LITERATURE 


Product Overview — 34970A Data Acquisition/Switch Unit, pub. 
no. 5965-5290EN 
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FIVE WAYS TO REDUCE ARC FLASH HAZARDS 


System Protection Services 


You've just received the results of the arc flash hazard 
analysis you had performed and are wondering what to do next. 
There are a number of high Hazard Risk Categories (HRCs) and 
even a few that are above an HRC 4, the highest level that NFPA 
70E allows electrical equipment to be worked on while ener- 
gized. What now? Well, you know that in order to comply with 
NFPA 70E you have to label all of the equipment with the infor- 
mation from the study, rewrite your safety policies to include arc 
flash requirements, purchase and maintain the appropriate PPE, 
and train the workforce on the new arc flash safety policy. But, 
before you do all that, it might make sense to sit down and take 
a careful look at how to reduce the arc flash hazards to safer, 
more manageable levels. Here are a few techniques to consider: 


1. PERFORM A COORDINATION STUDY WITH ARC FLASH 
IN MIND. 


A common practice that results in high arc-fault energies 
is to use bolted fault currents (i.e. faults with no arc impedance) 
for setting the trip point on circuit breakers or for sizing the fuse 
protecting the equipment. Since an arcing fault contains the 
impedance of the air it is arcing through, its fault current is usu- 
ally lower than that of a bolted fault — especially at voltages 600 
volts and below. As shown in Figure 1, the smaller value of the 
arcing fault current can significantly delay the fault clearing time 
of the protective devices and result in high arc flash Hazard/Risk 
Categories. Once an arc flash hazard analysis has been performed 
it is relatively easy to perform an overcurrent protective device 
coordination study taking arcing fault levels into consideration. 
This study typically uses the same information needed for the arc 
flash hazard analysis and often uses the same software. By keep- 
ing the arc-fault current levels in mind and checking tripping 
times at these reduced levels, the engineer can ensure that the 
devices clear the fault as quickly as possible and avoid the situa- 
tion shown in Figure 1. At the same time, the engineer can look 
at replacing slower acting protective devices with faster acting 
ones, such as using current limiting fuses rather than standard fuses 
or using faster modern relays to replace older, slower technology. 


2. OVERRIDE SELECTIVE COORDINATION DURING MAIN- 
TENANCE ACTIVITIES. 


Proper protective coordination requires selectivity, 1.e. the 
protective device closest to the fault will clear the fault first, with 
the upstream devices acting as a backup. This creates the problem 
of the main breaker on switchgear and MCCs acting slowly for a 
main bus fault, resulting in a high HRC Level (see Figure 2). 
During normal plant operation, selective protective device coor- 
dination ensures that there are no unnecessary outages of operat- 
ing equipment. However, when personnel are working on the 
equipment, safety considerations must come first. During these 
times, the main circuit breaker should trip instantaneously for 


any fault current detected by the circuit breaker. This can be 
accomplished in several different ways. 








—— Feeder Circuit Breaker 


H + 480 Volt Panel 








Figure 2. 480 Volt Switchgear Faults. For a fault at F1 the fault is cleared by the Feeder 
Circuit Breaker with the delayed Main Circuit Breaker acting as a back-up. For a fault at F2 
the fault is cleared by the delayed Main Circuit Breaker. 


Perhaps the easiest way is for maintenance personnel to 
manually change the circuit breaker trip settings to instantaneous 
whenever work is to be performed on the equipment. After the 
work is completed, the worker would then change the settings 
back to the normal operating settings. Although this method is 
effective, it has several disadvantages. First, the circuit breaker 
will effectively be out of service during the time the settings are 
changed. Second, this method requires the operating personnel to 
remember to reset the breaker to the normal operating configura- 
tion when the work is complete. And, finally, errors can be made 
when setting and resetting the circuit breaker, compromising the 
protection it offers. 

A more effective way to accomplish the circuit breaker 
setting change is to install a maintenance switch on the circuit 
breaker that workers use to enable the circuit breaker instanta- 
neous setting while personnel are within the flash protection 
boundary. Several manufacturers make circuit breakers that 
allow for a set of contacts to switch the circuit breaker setting. A 
variation of this approach is to install a proximity detector or a 
motion detector to automatically switch the detector to the main- 
tenance mode whenever personnel are in the area of the equip- 
ment and to automatically switch back to the normal operating 
mode whenever the area is vacant. While this overcomes the dis- 
advantage of ensuring that the switch is operated by maintenance 
personnel, it does introduce some new problems that must be 
solved. The detector must be reliable and a way to notify personnel 
if the system fails to switch must be devised and installed. 
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3. USE AN OPTICAL ARC DETECTION RELAYING SYSTEM. 


Perhaps a better way to address the slow main circuit 
breaker problem is to install an optical detection relaying system 
that detects the intense light given off by the arc flash and instan- 
taneously trips the main circuit breaker. This type of system is 
available through at least one manufacturer and consists of a 
light detecting relay that is connected by a fiber optic cable to the 
light sensor(s). In order to prevent false trips due to flash bulbs, 
arcs from circuit breakers performing switching, strong sunlight, 
etc., an optional current sensing relay is available to supervise 
the optical relay. Including trip times for the circuit breaker and 
the current sensing relay the total system will trip the main cir- 
cuit breaker in about 40 milliseconds. This can typically reduce 
an HRC by one level, allowing maintenance personnel to wear 
the more manageable clothing. 


4. USE FASTER ACTING FUSES. 


Fuses, especially on feeders, transformers, and motors, are 
often selected by their ability to withstand the inrush currents of 
the circuit or device they are protecting. Often, dual element 
fuses are chosen for this task, with one element sized to protect 
against fault currents and one element to protect against overload 
conditions. Some fuses, however, are better at reducing the arc- 
flash hazard than others. For instance, a current limiting type 
RK1 fuse provides faster clearing for fault currents than a type 
RKS. Substituting the faster current limiting fuse for the slower 
fuses in an existing system can result in significant reduction of 
HRCs. 


5. We TRANSFORMERS WITH HIGHER IMPEDANCE 


A common design practice has been to oversize transform- 
ers and transformer feeders to accommodate “future growth” that 
may or may not happen. The large capacity results in high fault 
currents that have correspondingly high arc flash hazards. Before 
the arc flash issue became so prominent, engineers worried very 
little about controlling fault capacity by managing the circuit 
impedance. When replacing an existing transformer due to fail- 
ure or problems, take the time to evaluate the loading on the 
transformer. If the transformer is lightly or moderately loaded 
and it is not likely that future loads will increase significantly, 
consider replacing the transformer with a smaller capacity, higher 
impedance unit. An engineering evaluation will tell if the arcing 
fault currents can be reduced enough to reduce the arc flash hazard. 

By using the above techniques before you implement your 
arc flash safety program, you may be able to lower your PPE 
requirements to levels that require less cumbersome clothing and 
equipment for your maintenance personnel. This will make it 
easier for the workers to perform their jobs and will significantly 
reduce the cost of protecting them from the arc flash hazard. 
They’ll be happier and so will your management. 
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DOES SIZE REALLY MATTER? - AN EXPLORATION OF THE UTILIZATION OF A SINGLE 
HIGHER ENERGY RATED MOV VS. PARALLELING MULTIPLE LOWER ENERGY MOVS 


Brian G. Walaszczyk, Manager Application Engineering, 
Don Tidey, Field Application Engineer, Pat Bellew, Product Test Engineer, Littelfuse, Inc. 


ABSTRACT 


This paper compares the merits of selecting either a single 
large MOV or the paralleling of smaller MOVs for AC line appli- 
cation. Recommended practices for the matching process of par- 
alleled MOVs are presented through characterization testing 
examples and mathematical modeling. The paper also examines 
the effects of current, and therefore, energy sharing between par- 
allel MOV arrays. 


1. INTRODUCTION 


The metal oxide varistor or MOV is commonly chosen as 
the first line of defense against transient overvoltages occurring 
on the AC mains. As a clamping device, much of the energy of 
the voltage transient itself is dissipated within the ceramic material 
of which the MOV is comprised. Thus the selection process of a 
MOV requires some knowledge of the expected transient in terms 
of available energy and surge current. Generally speaking, as 
available transient energy increases, a physically larger MOV 
would be required for higher rated energy. At the same time, 
designers of products such as TVSS devices, UPS systems or AC 
Panel protection devices may face physical space constraints or 
other dimensional form factor limitations. One route to solve this 
size issue is to compare the usage of a single, large MOV vs. that 
of using ganged (electrically paralleled) smaller MOVs to 
achieve equivalent ratings. This paper discusses trade-offs 
between these alternatives and presents a recommended proce- 
dure for the paralleling of MOVs should that choice be made. 


2. SIZE MATTERS FOR ENERGY AND CURRENT RATINGS 


Essentially, the entire volume of material of an MOV is 
“active area” which accounts for its high energy rating. This is an 
appropriate characteristic for AC mains operation where available 
transient energy varies from a few joules to hundreds of joules. 
Likewise, the MOV’s surge current rating increases with its surface 
area or the diameter of the metalized surface. AC Line lightning 
surge currents can reach 500A to 10kA depending upon the serv- 
ice, source, and location. Observations of higher currents have 
been cited, for example, to 40kA. Again, for this reason MOVs 
are chosen over other technologies. 

Table 1 compares Energy and Surge Current parameters 
for typical 14, 20, 32 and 40mm diameter radial devices and a 
34mm square device. 


Table 1 - Surge Current and Energy Ratings of Various Size MOVs at 
Typical Voltage Ratings 





Nominal Diameter Voltage Rating Maximum Surge Maximum Energy 























(AC) Current (8x20 (2 mSec) 
_Sec, 1 pulse) 
14mm 130 6,000 A 50 J 
20mm 130 1,0000 A 100 J 
32mm 130 25,000 A 200 J 
34mm 130 30,000 A 270) 
40mm 130 30,000 A 270) 
14mm 275 6,000 A 110) 
20mm 275 10,000 A 190 J 
32mm 275 25,000 A 360 J 
34mm 275 40,000 A 400 J 
40mm 275 40,000 A 400 J 


3. PHYSICAL COMPARISONS OF COMMON DISC SIZE MOVS 


While common disc sizes range from 5mm to 60mm, for 
the purpose of this discussion, a large MOV is defined as one 
incorporating a 32mm, 34mm square, or 40mm disc (Figure 1). 
A small varistor is defined as a 14 or 20mm disc since these are 
usually the smallest practical size for most commercial AC 
Mains equipment. A first-order comparison of these disc sizes is 
made in Table 2 for the 250VAC (RMS) working voltage types. 








xy _ 


Figure 1 ~ Vattowi MOY Packages arnilabile 
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TABLE 2 - Comparison of available 250 VAC MOV packages 
NOMINAL MAXIMUM MAXIMUM MAXIMUM MAXIMUM 
DIAMETER THICKNESS SEATING ENERGY SURGE 
HEIGHT CURRENT 
14mm 5.6 mm 20 mm 100 J 6,000 A 
20mm 5.6 mm 26.5 mm 170 J 10,000A 
32mm 9mm 52 mm 330 J 25,000 A 
40mm 9mm 57 mm 370 J 40,000 A 
34mm 6.1 mm 44.5 mm 370 J 40,000 A 





4. CONNECTING MOVS IN PARALLEL 


MOVs with radial leads — the familiar “lollipop” device - 
are generally available in diameters from 5mm to 20mm. These 
devices can handle up to 10kA peak surge current and dissipate 
up to 170 Joules of energy. For larger current and energy han- 
dling capability, larger diameter MOVs are available. These 
come in diameters from 32mm to 60mm and commonly have 
soldered tabs or are housed in plastic cases with screw terminals 
(see Figure 1). The physical size and the mounting arrangements 
make these larger components unsuitable for applications where 
space — especially headroom — is restricted. The only alternative 
in such cases is to gang or electrically parallel a number of smaller 
radial MOVs (Figure 2). The idea being that their energy capabili- 
ties like their capacitance will add, (EnergyTotal = EnergyMOV1 + 
EnergyMOV2, etc.). Another attraction of paralleling four 20mm 
MOVs — a commodity product - is that their cost is less than an 
equivalent 40mm device. Despite the attractions of paralleling, 
there are difficulties that must be addressed - current sharing is 
one such pitfall. For very high energy applications requiring 
more capability than even a 60mm device can deliver, then there 
is no option but to gang devices. 














Figure 2. Electrical arrangement of MOVs in parallel 


The effects of sharing (mismatch) is not as dramatic under 
high level short circuit transients and it is possible to screen MOVs 
to a tighter Vnom' tolerance level. Still to obtain a 40 kA rating for 
the classic 8x20_Sec lighting transient, 4 — 20mm discs would be 
required to perform the same job as a single 40mm disc. The 
importance of tolerance is increase significantly if a 120 kA tran- 
sient rating is required (12-20mm discs vs. 3— 40mm discs). 

Some obvious tradeoffs are overall space required to place 
the larger component and available assembly methods. The height 
needed for the 20mm discs is 26.5mm vs. 57mm for the 40mm 
disc and the 20mm leaded product can be purchased on Tape and 
Reel for use with automated assembly equipment. 


¡Vnom (or Nominal Voltage) is the voltage drop of the 
MOV with 1mA DC forced current applied. It is the electrical 
characteristic region where the MOV transitions to the non-lin- 
ear resistance (clamping) under higher applied currents. 


Unlike resistors, MOVs have highly non-linear voltage- 
current characteristics and the manufacturing process produces 
some variation from device to device even within the same batch. 
To account for this, MOV manufacturers traditionally quote a 
nominal voltage, VN(DC) with a +10% tolerance. The problem 
this presents for paralleling MOVs is illustrated in Figure 3 
which shows the upper and lower limit characteristic curves for 
a 150V-rated 20mm MOV. If two MOVs with characteristics rep- 
resented by these respective limit curves were operated in parallel, 
then the degree of current sharing would vary with the operating 
point. 

For example, with 300V applied, the respective currents 
would be 0.6A and 100A, a ratio of 1:167. At 600V, the respec- 
tive currents would be 4.5kA and 8kA, a ratio of 1:1.75. 
Although in practice such a gross mismatch would be unlikely, it 
does illustrate the problem. In general, sharing at low currents 
requires almost perfect matching, but is easier to achieve at high 
currents due to the more resistive nature of the device. 
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Figure 3. Graph showing how mismatched MOVs share current at two different 
operating points. 


5. HOW CLOSELY MATCHED DO MOVS NEED TO BE? 


The application in certain cases defines how closely 
ganged MOVs need to be matched. For example, where a given 
nameplate surge current rating is required, where the parallel 
combination need only share at or near the peak current rating, 
then a modest matching effort will suffice. On the other hand, 
where a general increase in energy capability is required, to cope 
with the lower intensity, but more frequent disturbances, close 
matching over a broad range of currents is required. 

The mismatch in Figure 3 is an extreme example and the 
normal distribution of MOV voltages within a batch is generally 
much tighter. Table 3 shows a summary of electrical measure- 
ment statistics for a sample of 25 pieces. As can be seen, the 
coefficient of variation (standard deviation divided by the mean) 
is greatest at low measurement currents. This suggests that sharing 
at high currents should be better than indicated at low currents 
where it is practical to measure. This trend is, however, statisti- 
cal and does not necessarily hold for every device. Hence, even 
perfect matching at low currents is no guarantee of perfect match- 
ing. To show the effect of different degrees of matching, the current 
sharing in three pairs of MOVs all from the same batch with differ- 
ent degrees of matching was both measured and simulated over 
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a range of currents. The simulation was done using a PSpice 
model of the MOV. The model represents an average V-I charac- 
teristic and its nominal voltage can be adjusted to represent any 
actual device. However, the adjustment is exactly proportional 
over the whole characteristic and thus the model does not exhibit 
the differing coefficient of variation at different currents shown 
in Table 3. The results are presented in Table 4. The measured 
and modeled values are in good agreement and show that for 
poorly matched sets (Table 4a) the sharing at the lower currents 
is particularly bad with the higher voltage part conducting only 
43% of its partner. In poorly matched MOVs the burden is loaded 
on the lower voltage device. Table 4b represents data on devices 
matched to within one percent. Here, the degree of sharing is good 
but is achieved only by close matching. In the case of the “per- 
fectly” matched pair (Table 4c), measured sharing is very good 
but not perfect explained possibly by a combination of measurement 
error and imperfect matching on some parts of the characteristic 
curve. In each case the degree of matching improves with 
increasing current, as expected. 





Table 3 - Sample summary statistics of MOV voltages 





















































Statistic 10_A 1mA Test Current 100A 
Mean 191 225 324 
Minimum 185 221 319 
Maximum 199 231 331 
Standard Deviation 4.3 3.3 3.9 
Coefficient of Variation 2.2% 1.5% 1.2% 
Table 4a - Current sharing in MOVs matched to within 4% 
Measured Simulated 
h l Match h l Match 
(A) (A) (A) (A) 
26 62 43% 27 61 45% 
178 307 58% 185 300 62% 
1732 2229 78% 1783 2178 82% 
Table 4b — Current sharing in MOVs matched to within 1% 
Measured Simulated 
h l Match I l Match 
(A) (A) (A) (A) 
45 53 84% 46 56 82% 
228 255 89% 236 264 89% 
1916 2045 94% 2002 2098 95% 





Table 4c — Current sharing in MOVs with near perfect matching 











Measured Simulated 
kh L Match 4 L Match 
(A) (A) (A) (A) 
52 54 96.4% 54 55 99.1% 
239 248 96.4% 251 253 99.5% 
1796 1875 95.8% 1898 1902 99.8% 





6. RECOMMENDATIONS FOR MATCHING 


1. Devices for paralleling should always be from the same 
manufacturer and have the same diameter. 

2. Match sets by nominal voltage (at 1mA DC) to within 
1% if possible. For more reliable sharing, measure at 
two points on the characteristic curve. If the peak surge 
current is known, for example where an MOV is used 
to protect the contacts of a circuit breaker for which the 
circuit inductance and maximum breaking current is 
known, then matching should be done as close to the 
operating point as possible. 

3. Devices should be from the same production batch if at 
all possible. The main reason for this is that the distri- 
bution of nominal voltages within a production lot will 
be tighter than from lot to lot, making matching easier. 
Also, in general, the overall characteristics of devices 
from the within a production batch will be better matched 
than from different batches. 

4. Add some margin to allow for imperfect matching. A 
20% minimum de-rating is recommended. For exam- 
ple, where four 20mm parts could replace one 40mm 
device, five 20mm parts should be used in practice. 

5. Arrange the layout of paralleled devices so that the track 
resistances and inductances are nearly identical as possi- 
ble. 


7. REASONS TO USE A SINGLE LARGE MOV 


Aside from the obvious ease of selecting and mounting a 
single package, and the resultant higher transient current and 
energy ratings, the larger MOV can provide significant pulse life 
margin. This can be seen by comparing in Figures 4 and 5. For 
example, in comparing typical 250VAC 20mm and 40mm 
MOVs, the single pulse surge current rating is 10kA vs. 40kA, 
respectively. Under close matching then, four 20mm MOVs 
would be required to equate to the 40mm in terms of surge current 
rating only. However, if, for example, a pulse life of 10 surges of 
10kA is required for a product, then ten 20mm MOVs would 
technically be required as opposed to a single 40mm disc. Thus, 
the space savings advantage is reduced and the board assembly 
process made more complex. 





Figure 4- Pulse Life Curve for 20mm MOV 
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Figure 5 - Pulse Life for 40mm MOV 
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8. CONCLUSIONS 


The following can be used as a guide for determining the 

proper protection scheme for the application: 

e Devices can be paralleled to obtain an increased peak 
current and energy handling capability. 

e Particular attention must be given to insure the combina- 
tion will share current properly and not lead to a single 
device being operated beyond its rating. 

e Based on the variability of the combination, the design- 
er should de-rate the peak current and energy handling 
of the combination by 20%. 

e The combination should be selected such that adequate 
Pulse Cycle Life in the application is achieved. 

e For increased reliability a single device should be used, 
wherever possible. 


BIBLIOGRAPHY: 
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5KV AND 15KV CLASS METAL-CLAD SWITCHGEAR 


Controlled Power (CP) medium-voltage switchgear is an 
integrated assembly of drawout vacuum circuit breakers, bus, 
and control devices coordinated electrically and mechanically 
for medium-voltage circuit protection. The Metal-Clad integrity 
provides maximum circuit separation and safety. Included are 
isolated grounded metal components, complete insulation of all 
conductors insuring that the opening of a door will expose no 
live parts. Itis typically used on circuits involving feeder circuits, 
transmission lines, distribution lines and motors. 

Using CP to supply your switchgear needs establishes one 
source of responsibility for the equipment and assures high stan- 
dards in quality, coordination, reliability, safety, and service. 

CP medium-voltage switchgear is available in voltage rat- 
ings of 2.4 kV through 15kV and in normal interrupting capacities 
of 250MVA (29kA), 350MVA (41kA), SOOMVA (18kA and 
33kA), 7SOMVA (28kA), 1000MVA (37kA), and 1500MVA (63 
kA), and for indoor or outdoor applications. Please note that the 
latest standards from ANSI no longer consider “MVA” as a rating 
factor and further consider the range factor equal to 1.0. Now 
breakers are “sized” by their short circuit rating. At the end of 
this literature section you will find TABLE 1 as published from 
the latest version of ANSI C37.09 Medium Voltage Metal-Clad 
Circuit Breakers. 


METAL-CLAD SWITCHGEAR DEFINITION 


e Metal-Clad Switchgear is an assembly of units charac- 
terized by the following features: 

e The main interrupting device is removable and arranged 
with a mechanism for moving it physically between con- 
nected and disconnected positions. It is equipped with 
self-aligning and self-coupling primary and secondary 
disconnecting devices. 

e The interrupting devices, buses, voltage transformers, 
and control power transformers, are completely enclosed 
by grounded metal barriers which have no intentional 
openings between compartments. A metal barrier in front 
of the interrupting device ensures that when in the con- 
necting position, no live parts are exposed by the opening 
of an enclosure door. 

e All live parts are enclosed within grounded metal com- 
partments. 

e Automatic grounded metal shutters cover primary circuit 
elements when the removable element is in the discon- 
nected, test, or removed position. 

e Primary bus conductors and connections are covered 
with track-resistant insulating material throughout. 

e Mechanical interlocks are provided to maintain a proper 
and safe operating sequence and to ensure matching 
ampacities between circuit breaker and cell. 

e Grounded metal barriers isolate and ground instruments, 
meters, relays, secondary control devices, and their wiring 


from all primary circuit elements. If a short circuit or 
fault occurs, all damage is contained within the metal- 
clad enclosure. 


APPLICABLE INDUSTRY STANDARDS 





ANSI American National Standards Standard Institute 


C37.010 Application Guide for AC High Voltage Circuit Breakers 
Rated on A Symmetrical Current Basis 





C37.100 Definitions for Power Switchgear 

C37.04 Rating Structure for AC High Voltage Circuit Breakers 
C37.06 Preferred ratings for AC High Voltage 

C37.07 Factors for reclosing service 

C37.09 Test procedure for AC High Voltage Circuit Breaker 











C37.11 Power Circuit Breaker Control 
C37.20.2 Metal-Clad and Station-Cubicle Switchgear 
1 C37.21 Application Guide for Metal-Enclosed Switchgear 








1 (37.55 Conformance Testing of Metal-Clad Switchgear 





C37.24 Guide for evaluating the effect of solar radiation 





NEMA National Electrical Manufacturers Association 





SG-4 Power Circuit Breakers 





SG-5 Power Switchgear Assemblies 





UL LISTED ON SPECIFIC DESIGNS 


DESIGN/PROOF TESTS 

CP metal-clad switchgear meets applicable ANSI, IEEE, 
and NEMA standards. The design criteria dictated that all tests 
demonstrate performance equal to or above the requirements of 
the standards. The ANSI test series is basic test criteria and 
includes interruption, BIL, dielectric, continuous current, 
mechanical life, and thermal and environmental conditions. 


PRODUCTIONS TEST 


Circuit Breaker 

Each breaker drawout unit is checked for alignment with a 
master cell fixture that verifies all interfaces and interchangeability. 
All circuit breakers are operated over the range of minimum to 
maximum control voltage. Interrupter contact gap is factory set. 
One-minute dielectric test is performed on each breaker, per ANSI 
standards. Final inspection and quality check. 
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Housing 

An actual circuit breaker of each current size is inserted 
into each breaker cell to ensure alignment. One-minute dielectric 
test per ANSI standards is applied to both primary and secondary 
circuits. Operation of wiring, relays, and other devices is verified 
by test. Final inspection and quality check. 


SWITCHGEAR FEATURES 
FEATURES 


1. Vacuum Interrupter — All circuit breakers are low 
maintenance, high reliability vacuum interrupters. 
Cutler Hammer or General Electric designs are stan- 
dard. Siemens or ABB designs are optional. 

2. Breaker Rails — The breaker and auxiliaries can be 
withdrawn on rails for inspection and maintenance. 

3. Front Breaker Mechanism — The stored energy 
mechanism is on the front of the breaker so the inspec- 
tion or maintenance can be done with the breaker on 
its rails (Cutler Hammer design). 

4. Horizontal Drawout Circuit Breaker — A horizontal 
drawout design that provides connect, test, and dis- 
connect positions. Direct roll-in design is available for 
General Electric breakers. A ramp or lift device is 
required for Cutler Hammer breakers. 


5. 


10. 


11. 


Automatic Shutters — These grounded steel shutters 
operate automatically when the circuit breaker is with- 
drawn in order to protect workmen from accidental 
contact with the stationary primary contacts. 


. Main Bus System — The main bus has fluidized-bed, 


track-resistant epoxy insulation with silver-plated 
joints and constant pressure washers. Vinyl boots are 
used on all bus joints. 


. Current Transformers — There is space for up to four 


standard accuracy current transformers per phase, 
which are easily accessible from the front. Two high 
accuracy current transformers per phase can be used 
instead of four standard accuracy current transformers. 


. Primary and Secondary Contacts — All moving 


breaker contacts are self-aligning, self-coupling, have 
positive action, and are silver-plated. 


. Metal Compartment Barriers — All compartments 


are enclosed by grounded metal barriers. 

Breaker Wheels — Breakers can be rolled on floor 
surfaces when removed from the structure. 

Auxiliary Compartment Shutter — This shutter 
operates automatically when the auxiliary drawer is 
withdrawn to protect workmen from accidental con- 
tact with the stationary primary contacts. 


Tabée 1 - Proterred ratings tor indoor ciroull beaahera with voltage range fastor Kat 0° 
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Typical Vertical Sections 
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Available Contigurations 
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PROTECTION AND SUBSTATION AUTOMATION 


SUMMARY 


Protection and substation control have undergone dramatic 
changes since the advent of powerful microprocessing and digital 
communication. Smart multifunctional and communicative feed- 
er units, so called IEDs (Intelligent Electronic Devices) have 
replaced traditional conglomerations of mechanical and static 
panel instrumentation. Combined protection, monitoring and 
control devices and LAN based integrated substation automation 
systems are now state of the art. Modern communication tech- 
nologies including the Internet are used for remote monitoring, 
setting and retrieval of load and fault data. Higher performance 
at lower cost has resulted in a fast acceptance of the new technol- 
ogy. The trend of system integration will continue, driven by the 
cost pressure of competition and technological progress. The 
ongoing development towards totally integrated substations is 
expected to pick up speed with the approval of the open commu- 
nication standard IEC61850 in the next years. 


1. INTRODUCTION 


Increased competition has forced utilities to go into cost- 
saving asset management with new risk strategy: 

e Plants and lines are higher loaded up to thermal and sta- 

bility limits. 

e Existing plants are operated to the end of their life-time 

and not replaced earlier by higher rated types. 

e Redundancy and back-up for system security are provided 

only with critical industrial load. 

e Corrective event based repair has replaced preventive 

maintenance. 

Considering this changed environment, power system pro- 
tection and control face new technical and economical challenges: 
Modern secondary systems shall enable higher system loading at 
lower investment and operation cost without compromising system 
reliability. 

Users widely dispense with special custom-built solutions 
but aim at cost reduction by accepting standard products of global 
vendors. 

Manufacturers had to compensate the worldwide price 
drop by cost saving. This has mainly been achieved by right-sizing 
of product ranges, standardization of products, rationalization of 
manufacturing and expansion to global markets. 

In this regard, the introduction of the digital technology 
has played a decisive role because the price reduction at a com- 
parable function range could only be achieved with the new gen- 
eration of smart highly integrated IEDs. 

Besides the lower investment cost, the user gets a reduc- 
tion of the operation cost due to the inherent self-monitoring 
capability (corrective instead of preventive maintenance) and the 
possible remote operation and diagnosis. 


In the relay business, these advantages were obvious for 
the user. Therefore, the transition to the new digital technology 
occurred within a decade (1985-1995). 


PROTECTION AND SUBSTATION AUTOMATION 

















In the case of substation control, cost comparison between 
electromechanical and digital technology has often been dis- 
cussed controversially. The recently practiced assessment of total 
life cycle cost, however, seems to confirm economic use in most 
cases. Decisive is the possibility to rationalize and automate sub- 
station operation and to save operating staff on site. This pays off 
in particular in industrialized countries with high personnel cost. 

Relaying and control IEDs also serve as data acquisition 
units for power system control and power quality monitoring. By 
using wide area information systems, the data can be made avail- 
able to all involved partners. This is becoming more and more 
important in order to satisfy the information demand in the 
deregulated power supply market with free network access. 


2. RECENT DEVELOPMENT OF PROTECTION AND 
SUBSTATION AUTOMATION 


After more than 20 years of development, digital protec- 
tion and substation control have reached a mature product state. 
In the meantime, some 100.000 digital relays and some 1000 
digital substation control systems are in service. 

As arule, acommon IED hardware platform is used today 
for relays and bay control units (shown above in figure 1). Its 
modular design allows adaptation of the input/output interface to 
the individual application. Separate processing modules are ded- 
icated to the communication interfaces to cope with the 
increased data rates and complex transmission procedures. GPS 
time synchronization of microsecond accuracy is optionally 
offered with the latest device generations. 
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Global products designed for the world market meet rele- 
vant IEC as well as ANSI/IEEE standard requirements and can 
be adapted to the communication standards used in Europe and 
USA. The information interface of relays can for example be 
delivered to IEC60870-5-103 as well as to DNP3.0 or Modbus. 
Windows compatible PC programs allow comfortable local or 
remote operation of IEDs. Unfortunately, there is no common 
Operating standard, so that the user must change between vendor 
dependent program versions to address relays of different make. 
This also concerns communication interfaces and protocols. 

An improvement can be expected when relays will be 
equipped with their own Internet server and the operator-relay 
dialogue can be performed in a simple way by using standard 
browsers. First Internet enabled IEDs are already available. 


PROTECTIVE RELAYING 


The number of functions integrated in relays has been 
steadily expanded in parallel with the increasing processing 
power and storage capacity. Table 1 shows a typical example of 
relay hardware evolution. 








Table 1. Development of digital relay HW performance (example) 


Protection relays have developed into multifunctional uni- 
versal devices, generally designated as IEDs (Intelligent 
Electronic Devices). Non-protection tasks, such as metering, 
monitoring, control and automation, occupy an ever increasing 
share of the scope of functions. 

Complete protection of a power system component (trans- 
former, line, etc.) can now be provided by only a few highly integrat- 
ed relays. For example, the protection of a larger generating unit only 
needs two or three relays, each with about 15 protection functions. At 
the time of traditional relaying, several panels or cubicles full of 
black-box relays were necessary for the same protection scope. 


PROTECTION FUNCTIONS 


Basic digital protection functions have passed innumer- 
able lab and field tests and are well-established in practice. In the 
last years, they could be further improved by applying intelligent 
algorithms. Examples for this are: higher accuracy and stability 
in case of disturbed measuring values (e.g. during c.t. saturation), 
and better load versus fault discrimination by adaptive measuring 
principles and flexible shaping of characteristics. 

The offer of integrated functions covers the worldwide 
practice (global relay). The user can, for example, choose 
between definite and various inverse overcurrent time curves or 
between quadrilateral and MHO type impedance characteristics. 
He has the freedom to configure the relay for his particular appli- 
cation case by software parameterization. 

This trend will surely contribute to a global convergence 
of relaying practices. 


ADDITIONAL FUNCTIONS 


Metering and event/fault recording are now offered as 
standard even with smallest relays. 


An accuracy of about 1% for metering of current and volt- 
age and of about 2% for active and reactive power is usually 
specified for relays. For the total accuracy, the errors of c.t.s and 
v.t.s (up to 3% with protection cores) have to be added. 

The storage time for fault records is now, in general, at 
least 10 s with a resolution of 600 to 2 400 Hz dependent on the 
type of relay. 

Power quality monitoring is partly covered by protection 
relays. The offered registration of voltage dips greater than 10 ms 
and harmonics up to the 5th or 10th order is sufficient in most 
application cases. Monitoring of fast transients and higher har- 
monics (e.g. up to the 50th) would require higher sampling rates 
and extended relay memories. The ongoing technical improve- 
ment and price reduction of hardware components will, however, 
favour a trend towards the integration of full scale power quality 
monitoring in protection relays. 


COMBINED PROTECTION AND CONTROL IED 


Over the years, there has been a global trend towards 
combined units for protection and control on basis of IEDs 
(Intelligent Electronic Devices, Figure 2). The main application 
areas are distribution systems and industrial networks. These 
universal devices integrate all substation secondary functions 
with the exception of revenue metering. 

Full scale versions include a full graphic mimic display and 
a key pad for supervisory control. The devices can be used as 
stand-alone or serially connected to an RTU or a central control 
unit. 
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Figure 2. Combined Protection and Control IED 


Automation functions can comfortably be designed and 
implemented by means of a graphic PC tool (CFC: continuous 
function chart). 


COMPUTER CONTROLLED TESTING 


Simulation techniques have advanced to a degree of virtual 
reality. This goes in particular for real-time digital simulation sys- 
tems (RTDS) which enable absolute practice compatible lab testing. 

However, even PC-controlled portable test sets allow for 
dynamic testing under real conditions. Among other features, 
program additions are offered for extended relay testing, for 
example under the condition of c.t. saturation. 

This new quality of testing has decisively contributed to the 
upgraded performance and reliability of digital protection systems. 


MAINTENANCE 

Based on the nearly complete self-monitoring of modern 
IEDs, event controlled maintenance is propagated worldwide as 
a decisive contribution to cost reduction. 
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Theoretical studies have shown that the availability of dig- 
ital protection is even comparable to a redundant analogue pro- 
tection scheme providing at the same time significantly higher 
security against false operation. Complete abolition of testing, 
however, is mostly not accepted as even the best self-monitoring 
concept cannot cover 100% of the protection scheme. 

In the few publications about the current practice, mainte- 
nance intervals of four (Germany) to six years (Japan, Sweden) 
were recommended. Newer surveys indicate a trend to longer 
intervals, even up to 10 years. 


3. CURRENT PROTECTION PRACTICE 


A worldwide survey on reasons for blackouts and experi- 
enced protection performance showed the following: the judgment 
of protection was in general reasonably good. There was, however, 
a number of maloperations of feeder protection. More attention 
should be paid to relay setting and co-ordination with overload 
capabilities of the protected plants. 

The survey confirms that fast clearance of fault, in partic- 
ular on busbars, is vital to a system's ability to ride through dis- 
turbances. Duplication of protection and the installation of 
breaker fail provision is essential on crucial busbars and on high 
-voltage lines since back-up operation times often result in sys- 
tem splitting and cascading. 

The following development trends can be observed in the 
individual protection areas: 


3.1 TRANSMISSION SYSTEM PROTECTION 


On higher voltage levels, redundant protection concepts 
with stand alone relays have been kept also with the changeover 
to digital technology. Relays with dissimilar measuring principles 
(e.g. differential and distance) or relays of different make are still 
preferred. Control functions are provided by independent feeder 
units. 


LINE PROTECTION 


With the advent of digital wide-band communication 
more differential protection has been applied at overhead lines of 
even up to some 100 km length. Phase segregated design guarantees 
zone and phase selectivity for all kind of short-circuits. The use is 
advantageous in particular with complex line configurations such as 
multi-circuit, multi-terminal or tapped lines. 














Power System Fault (lightning strikes an overhead line) 


Differential and distance protection are now considered as 
ideal combination for high-voltage lines. The transfer of protec- 
tion data via communication networks, however, requires careful 
planning. GPS synchronization may be necessary in critical cases. 

With short lines up to some 30 km, a direct back-to-back 
connection of the relays at line ends is possible provided that 
dedicated optic fibers are available. 


FAULT LOCATION 


Upgrading of fault location is a preferred subject of ongoing 
studies and numerous publications. In most cases, new or improved 
methods are discussed and proposed to compensate influencing 
factors such as fault resistance, load transfer, parallel line coupling, 
series compensation and line charging current. 

Fault location based on reactance measurement as integral 
function of distance relays has an accuracy of about one percent 
line length under favourable conditions. Larger errors will, how- 
ever, occur with higher fault resistances. Improvement can be 
expected in the future by GPS based synchronisation of data 
acquisition and processing of the information from both line ends. 

High accuracy is achieved by traveling wave based fault 
locators. ESKOM, South Africa reports about +/- 150 m on EHV 
lines. Fault location is in this case estimated by measuring the 
time difference of traveling wave propagation from the fault to 
both line ends. 


TRANSFORMER PROTECTION 


The use of digital filtering and intelligent algorithms has dra- 
matically upgraded transformer differential protection performance. 
Stability against c.t. saturation, inrush-currents and overfluxing is 
now much more reliable. Integrated numerical ratio and vector 
group adaptation belong to the standard. Relays with up to five sta- 
bilising inputs are offered which allow to protect all kind of trans- 
former connections. 

Integrated add-on functions now reach from overload and 
overcurrent back-up to earth-fault and over-excitation protection. 
OLTC control and transformer monitoring are also integrated in 
some combined devices. 


BUSBAR PROTECTION 


State-of-the-art is decentralized digital design and sub- 
cycle operating time. Bay units are connected to the central unit 
via fast optical fibre links. Sophisticated algorithms guarantee far 
reaching independence of c.t. saturation. The isolator replica is 
software based and can each be adapted to even complex bus 
configurations by means of the setting program. 

Digital low-impedance protection is now offered, even in 
traditionally high-impedance minded regions, because high- 
impedance protection can, by principle, not be transferred to dig- 
ital technology. 


PROTECTION OF GENERATING UNITS 


Function integration has further proceeded. Even larger 
generating units can now be protected by two or three relays with 
each about 15 protection functions (protection of auxiliaries nor 
considered). 

The quality (sensitivity and accuracy of measurement, 
replica reality, etc.) of individual protection functions has been 
further improved. In principle, however, the long-time estab- 
lished protection principles are further used. 
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WIDE AREA SYSTEM PROTECTION SCHEMES (SPS) 


A more recent development concerns System Protection 
Schemes (SPS). They operate on the basis of system wide 
acquired information and try to avoid power system collapse 
which can occur during unstable active or reactive power condi- 
tions as a consequence of voltage and frequency drop or loss of 
synchronism. Normally, one tries to achieve stable partial net- 
works by purposeful system splitting, load shedding and forced 
control of power generation. The SPSs are intended to operate 
already in the initial state of instability before system control can 
intervene. Recent developments include GPS-based synchro-phasor 
measurement for on-line system state monitoring. A number of SPS 
systems are already in service, mainly in Japan [3] 














3.2 DISTRIBUTION SYSTEM PROTECTION 


The current trend is towards combined protection and 
control IEDs. Driving force is the need for cost cutting. The 
reduction of the former conglomeration of black box devices to 
only one multifunctional relay saves on space and wiring. 

Highly integrated switchgear panels using small scale 
CTs and VTs are gaining increasing market share. 

Low resistance earthed radial networks are generally pro- 
tected by inverse-time OC relays. Meshed Peterson coil earthed 
networks which occur mostly in Europe are also equipped with 
distance relays. 

Urban cable networks traditionally use differential protec- 
tion. New digital relays must be suitable for the existing pilot wires. 
Therefore, proven analogue current comparison principles are 
maintained, however, upgraded to digital relaying standards. For 
short cable connections also, relays with digital wire communica- 
tion can be applied. 

In the rarer situation where optic fiber connections exist, 
relays with direct relay-to-relay OF connection can be used for 
distances up to about 30 km. 

The growing share of distributed generation requires recon- 
sideration of distribution protection. In many cases, changeover to 
directional OC relays may be necessary to cope with the backfeed 
of distributed generators. A particular problem provides the loss- 
of-mains protection because traditional frequency and voltage 
relays may be too slow or insensitive and vector jump relays tend 
to overfunction. 














Open Air Switchyard 


Fast fault finding and system restoration to upgrade power 
supply quality is becoming more and more important. For this rea- 
son, the state of earth-fault and short-circuit indicators are evaluated 
together with the distance-to-fault calculation of relays. Modern 
fault management includes automatic acquisition and processing of 
these data. The results are then indicated in the graphic information 
system of the control centre. 

In many countries, fault clearing by distributed reclosers 
and sectionalisers is still practised. Protection and control functions 
of these devices are now also provided by digital devices. In 
combination with poletop RTUs and radio connections, fast fault 
clearing and load restoration is also achieved. 

Detection of high resistance faults (downed conductors) 
has been studied for a long time. Proposed algorithms are based 
on wave shape analysis and recognition of typical arc character- 
istics. A recent survey comes to the conclusion that an algorithm 
suitable for practical application has so far not been found 
despite costly development efforts. 


4. STATE AND TRENDS OF SUBSTATION AUTOMATION 


Integrated protection and control first appeared in the mid 
eighties and has since matured to full scale substation automation. 


4.1 RECENT PRACTICE 


Simple systems for distribution or industrial networks 
mostly use feeder dedicated combined protection and control 
IEDs and a PC-based central unit. Alternatively, enhanced RTUs 
with decentralized I/O peripherals are applied. 

Ethernet is generally accepted as substation LAN. Industry 
standards such as Profibus and LON are successfully used in 
Europe while DNP3.0 and Modbus are preferred in USA. 
Recently, Ethernet with TCP/IP has also been introduced. 

Larger systems typically use a special central unit (server) 
and separate bay units for control. Independent protection relays 
are usually connected to the bay control units in this case. 

The remote control function is emulated each in the cen- 
tral unit. The standard IEC60870-5-101 has, in the meantime, 
been generally adopted for communication between substation 
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and control centre. 














Figure 3. Communication World of substation automation 


Time accurate GPS-based synchronizing is available as an 
option. 

Direct peer-to-peer communication between bay units is 
offered in some cases. It can be used for control (e.g. interlock- 
ing), however not for protection because of the relatively long 
reaction time (some 100 ms). 

Figure 3 shows the complex communication world of pro- 
tection and substation automation. 

The upcoming standard 1EC61850 for open communica- 
tion in substations is still in the test phase and not generally avail- 
able for application. 

Some vendors in the US already offer UCA2-compatible 
devices according to the preliminary standard draft. A few pilot 
systems are in operation using standard 10 Mbit/s Ethernet. It is 
also reported on a successful implementation of peer-to-peer 
communication with quarter cycle reaction time. 


4.2 INTERNET TECHNOLOGY 


The latest trend goes to using Internet technology in an 
Intranet or the Internet itself. 

Several vendors already offer substation automation sys- 
tems with integrated Internet server. In this way, the acquired 
data can be exchanged in a cost saving way in an Intranet and 
distributed to a wider circle of users. Classic workstations can be 
replaced by normal Internet browsers. Maintenance work, for 
example implementation of new functions, must then only be 
performed at the central application server. 

In Japan, some systems have been in service where mini- 
servers are implemented in relays and bay control units on basis 
of JavaVM (Java Virtual Machine) 

Also NGC in England has been testing application servers 
in substations. Relays and other devices, are in this case, connect- 
ed to the server via an Ethernet information bus. 

Information gathered on the SQL data bank of the server 
can be accessed through standard browsers using ASP (Active 
Server Page) procedures. 

An American vendor is even a step ahead and offers a 
monitoring system where space and administration of data is 
provided on the vendor’s own server. The user must only install 
the Internet enabled relays and devices in his substation and con- 
nect them to the Internet via the local service provider. 

Safety against foreign access is claimed to be guaranteed 
by passwords, authentication procedures and firewalls. The offer 
aims at small users where their own SCADA system is too 
expensive or not yet installed. 
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Figure 4. Structure of a highly integrated substation 


4.3 HIGHLY INTEGRATED SUBSTATIONS 


The use of electronic sensors instead of traditional current 
and voltage transformers in combination with digital protection 
and control allows for the design of compact substations. 

In the distribution area, there has been a long lasting trend 
towards highly integrated switchgear panels. The current trans- 
formers are, in this case, designed as Rogowski coils or closed- 
core low-signal transformers. Resistive or capacitive voltage 
dividers are used as voltage sensors. The low signal level 
requires the use of shielded cables for the connection of the com- 
bined protection and control IEDs. This design approach consid- 
ers the switchgear panel as one totally integrated module. 

In high voltage, the development goes to optic-electronic 
current and voltage transformers (acc. To Faraday and Pockels 
principles) and data bus systems (Figure 4).Current and voltage 
sensors provided with digital output are connected to a fast field 
bus (Fast Ethernet 100 Mbit/s or even | Gbit/s) in the switchgear 
bay. 

Discussion at the CIGRE conference 2000 in Paris 
showed that the technical problems can be mastered. A number 
of pilot projects are successful in operation. 

In general, a drastic cost reduction is expected with this 
novel substation design. Broad application, however, will only 
take place when established standards (IEC61850) for open com- 
munication are available. 


5. CONCLUDING REMARKS 


Modern media and cost pressure have been the driving 
forces for system integration and automation in substations. The 
further progress in data acquisition (synchronized sampling, 
higher sampling rate), processing and storage capability (dou- 
bling every 18 months as per Moore’s Law) will allow further 
upgrade of protection functions and seamless monitoring and 
recording of load, fault events and switchgear state. Wide-band 
communication LANs and Internet technology (relay integrated 
servers and browser based dialogue) will make the information 
available at any location within the company. The problem will 
be, however, be to select the useful information from the large 
amount of indicated and stored data. Expert systems will have to 
take on this task. 

Functionality, performance, and operation comfort of substa- 
tion control will be enhanced corresponding to the current state of 
media (colour graphics, images, video, voice recognition, etc.). 
Wireless hand-held devices may be used for local operation and 
services. There will be cross-links through fast WAN to system control 
and there will be a development towards totally integrated over-all 
control systems. Access for operation and diagnosis will be possible 
from any place, even worldwide via mobile communication. 
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Substation automation and remote control will increasingly 
extend to the distribution level. 

The further fast proceeding system integration implicates 
however application issues in particular with reduced technical 
staff after utility privatization and deregulation. Users already 
complain about the complexity of presently offered systems and 
ask for easy and vendor independent configuration, parameteri- 
zation and setting procedures. 

It remains to be seen if applicable standards and tools will 
be available in the near future and if the promised “plug and 
play” compatibility can be achieved. 
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THYRISTORS USED AS AC STATIC SWITCHES 
AND RELAYS 


INTRODUCTION 


Since the SCR and the triac are bistable devices, one of 
their broad areas of application is in the realm of signal and power 
switching. This application note describes circuits in which these 
thyristors are used to perform simple switching functions of a 
general type that might also be performed non-statically by vari- 
ous mechanical and electromechanical switches. In these applica- 
tions, the thyristors are used to open or close a circuit complete- 
ly, as opposed to applications in which they are used to control the 
magnitude of average voltage or energy being delivered to a load. 
These latter types of applications are described in detail in “Phase 
Control Using Thyristors” (AN1003). 


STATIC AC SWITCHES 
NORMALLY OPEN CIRCUIT 


The circuit shown in Figure AN1007.1 provides random 
(anywhere in half-cycle), fast turn-on (<10 _s) of AC power 
loads and is ideal for applications with a high-duty cycle. It elim- 
inates completely the contact sticking, bounce, and wear associ- 
ated with conventional electromechanical relays, contactors, and 
so on. As a substitute for control relays, thyristors can overcome 
the differential problem; that is, the spread in current or voltage 
between pickup and dropout because thyristors effectively drop 
out every half cycle. Also, providing resistor R1 is chosen cor- 
rectly, the circuits are operable over a much wider voltage range 
than is a comparable relay. Resistor R1 is provided to limit gate 
current (IGTM) peaks. Its resistance plus any contact resistance 
(RC) of the control device and load resistance (RL) should be 
just greater than the peak supply voltage divided by the peak gate 
current rating of the triac. If R1 is set too high, the triacs may not 
trigger at the beginning of each cycle, and phase control of the 
load will result with consequent loss of load voltage and wave- 
form distortion. For inductive loads, an RC snubber circuit, as 
shown in Figure AN1007.1, is required. However, a snubber circuit 
is not required when an alternistor triac is used. 

Figure AN1007.2 illustrates an analysis to better under- 
stand a typical static switch circuit. The circuit operation occurs 
when switch S1 is closed, since the triac Q1 will initially be in 
the blocking condition. Current flow will be through load RL, 
S1, R1, and gate to MT1 junction of the thyristor. When this current 
reaches the required value of IGT, the MT2 to MT1 junctions 
will switch to the conduction state and the voltage from MT2 to 
MT1 will be VT. As the current approaches the zero crossing, the 
load current will fall below holding current turning the triac Q1 
device off until it is refired in the next half cycle. Figure 
AN1007.3 illustrates the voltage waveform appearing across the 
MT2 to MT1 terminals of Q1. Note that the maximum peak 
value of current which S1 will carry would be 25 mA since Q1 
has a 25 mA maximum IGT rating. Additionally, no arcing of a 


current value greater than 25 mA when opening S1 will occur 
when controlling an inductive load. It is important also to note 
that the triac Q1 is operating in Quadrants I and III, the more sen- 
sitive and most suitable gating modes for triacs. The voltage rating 
of S1 (mechanical switch or reed switch) must be equivalent to 
or greater than line voltage applied. 
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Figure AN1007.1 Basic Triac Static Switch 
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Figure AN1007.2 Analysis of Static Switch 
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Figure An1007.3 Waveform Across Static Switch 


A typical example would be in the application of this type 
circuit for the control of 5 A resistive load with 120 V rms input 
voltage. Choosing a value of 100 for R1 and assuming a typical 
value of 1 V for the gate to MT1 (VGT) voltage, we can solve for 
VP by the following: 


Vp = ler (Ri + Ry) + Ver 


Note: RC is not included since it is negligible. 


Va = 0.025 (24 + 100) +10=41V 


Additionally the turn-on angle is 


41 


1 
Ə = Sin _—=— 
ITOVpk 


[9 =1.4*] 


The power lost by the turn-on angle is essentially zero. 
The power dissipation in the gate resistor is very minute. A 100, 
0.25 W rated resistor may safely be used. The small turn-on 
angle also ensures that no appreciable RFI is generated. 

The relay circuit shown in Figure AN1007.1 and Figure 
AN1007.2 has several advantages in that it eliminates contact 
bounce, noise, and additional power consumption by an energiz- 
ing coil and can carry an in-rush current of many times its steady 
state rating. 

The control device S1 indicated can be either electrical or 
mechanical in nature. Light-dependent resistors and light-activat- 
ed semiconductors, optocoupler, magnetic cores, and magnetic 
reed switches are all suitable control elements. Regardless of the 
switch type chosen, it must have a voltage rating equal to or 
greater than the peak line voltage applied. In particular, the use 
of hermetically sealed reed switches as control elements in com- 
bination with triacs offers many advantages. The reed switch can 
be actuated by passing DC current through a small coiled wire or 
by the proximity of a small magnet. In either case, complete 
electrical isolation exists between the control signal input, which 
may be derived from many sources, and the switched power out- 
put. Long life of the triac/reed switch combination is ensured by 


the minimal volt-ampere switching load placed on the reed switch 
by the triac triggering requirements. The thyristor ratings deter- 
mine the amount of load power that can be switched. 


NORMALLY CLOSED CIRCUIT 


With a few additional components, the thyristor can pro- 
vide a normally closed static switch function. The critical design 
portion of this static switch is a clamping device to turn off/elim- 
inate gate drive and maintain very low power dissipation through 
the clamping component plus have low by-pass leakage around 
the power thyristor device. In selecting the power thyristor for 
load requirements, gate sensitivity becomes critical to maintain 
low power requirements. Either sensitive SCRs or sensitive logic 
triacs must be considered, which limits the load in current capacity 
and type. However, this can be broader if an extra stage of circuitry 
for gating is permitted. 

Figure AN1007.4 illustrates an application using a nor- 
mally closed circuit driving a sensitive SCR for a simple but pre- 
cise temperature controller. The same basic principle could be 
applied to a water level controller for a motor or solenoid. Of 
course, SCR and diode selection would be changed depending 
on load current requirements. 
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Figure AN1007.4 Normally Closed Temperature Controller 


A mercury-in-glass thermostat is an extremely sensitive 
measuring instrument, capable of sensing changes in tempera- 
ture as small as 0.1°C. Its major limitation lies in its very low 
current handling capability for reliability and long life, and con- 
tact current should be held below 1 mA. In the circuit of Figure 
AN1007.4, the S2010LS2 SCR serves as both current amplifier 
for the Hg thermostat and as the main load switching element. 

With the thermostat open, the SCR will trigger each half 
cycle and deliver power to the heater load. When the thermostat 
closes, the SCR can no longer trigger and the heater shuts off. 
Maximum current through the thermostat in the closed position 
is less than 250 A rms. 


Circuit Breakers and Switchgear Handbook - Vol. 3 


105 





Figure AN1007.5 shows an all solid state, optocoupled, 
normally closed switch circuit. By using a low voltage SBS trig- 
gering device, this circuit can turn on with only a small delay in 
each half cycle and also keep gating power low. When the opto- 
coupled transistor is turned on, the gate drive is removed with 
only a few milliamps of bypass current around the triac power 
device. Also, by use of the BSO8D and 0.1 F, less sensitive triacs 
and alternistors can be used to control various types of high cur- 
rent loads. 




















Figure AN1007.5 Normally Closed Switch Circuit 


OPTOCOUPLED DRIVER CIRCUITS RANDOM TURN-ON, NORMALLY OPEN 


Many applications use optocouplers to drive thyristors. 
The combination of a good optocoupler and a triac or alternistor 
makes an excellent, inexpensive solid state relay. Application 
information provided by the optocoupler manufacturers is not 
always best for application of the power thyristor. Figure AN1007.6 
shows a standard circuit for a resistive load. 
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Figure AN1007.6 Optocoupled Circuit for Resistive Loads (Triac or Alternistor) 


A common mistake in this circuit is to make the series 
gate resistor too large in value. A value of 180 is shown in a typ- 
ical application circuit by optocoupler manufacturers. The 180 is 
based on limiting the current to 1 A peak at the peak of a 120 V 
line input for Fairchild and Toshiba optocoupler ITSM rating. 
This is good for protection of the optocoupler output triac, as 
well as the gate of the power triac on a 120 V line; however, it 
must be lowered if a 24 V line is being controlled, or if the RL 


(resistive load) is 200 W or less. This resistor limits current for 
worst-case turn-on at the peak line voltage, but it also sets turn- 
on point (conduction angle) in the sine wave, since triac gate cur- 
rent is determined by this resistor and produced from the sine 
wave voltage as illustrated in Figure AN1007.2. The load resist- 
ance is also important, since it can also limit the amount of avail- 
able triac gate current. A 100 gate resistor would be a better 
choice in most 120 V applications with loads greater than 200 W 
and optocouplers from Quality Technologies or Vishay with 
optocoupler output triacs that can handle 1.7 APK (ITSM rating) 
for a few microseconds at the peak of the line. For loads less than 
200 W, the resistor can be dropped to 22. Remember that if the 
gate resistor is too large in value, the triac will not turn on at all 
or not turn on fully, which can cause excessive power dissipation 
in the gate resistor, causing it to burn out. Also, the voltage and 
dv/dt rating of the optocoupler’s output device must be equal to 
or greater than the voltage and dv/dt rating of the triac or 
alternistor it is driving. 

Figure AN1007.7 illustrates a circuit with a dv/dt snubber 
network included. This is a typical circuit presented by optocou- 
pler manufacturers. 
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Figure AN1007.7 Optocoupler Circuit for Inductive Loads (Triac or Alternistor) 


This “T” circuit hinges around one capacitor to increase 
dv/dt capability to either the optocoupler output triac or the power 
triac. The sum of the two resistors then forms the triac gate resistor. 

Both resistors should then be standardized and lowered to 
100. Again, this sum resistance needs to be low, allowing as 
much gate current as possible without exceeding the instanta- 
neous current rating of the opto output triac or triac gate junction. 

By having 100 for current limit in either direction from 
the capacitor, the optocoupler output triac and power triac can be 
protected against di/dt produced by the capacitor. Of course, it is 
most important that the capacitor be connected between proper 
terminals of triac. For example, if the capacitor and series resistor 
are accidentally connected between the gate and MT2, the triac 
will turn on from current produced by the capacitor, resulting in 
loss of control. 

For low current (mA) and/or highly inductive loads, it 
may be necessary to have a latching network (3.3 k_ + 0.047 _F) 
connected directly across the power triac. The circuit shown in 
Figure AN1007.8 illustrates the additional latching network. 
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Figure AN1007.8 Optocoupled Circuit for Lower Current Inductive Loads 
(Triac or Alternistor) 


In this circuit, the series gate resistors are increased to 180 
each, since a 240 V line is applied. Note that the load is placed 
on the MT1 side of the power triac to illustrate that load place- 
ment is not important for the circuit to function properly. 

Also note that with standard U.S. residential 240 V home 
wiring, both sides of the line are hot with respect to ground (no 
neutral). Therefore, for some 240 V line applications, it will be 
necessary to have a triac switch circuit in both sides of the 240 V 
line input. 

If an application requires back-to-back SCRs instead of a 
triac or alternistor, the circuit shown in Figure AN1007.9 may be 
used. 
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Figure AN1007.9 Optocoupled Circuit for heavy-duty Inductive Loads 


All application comments and recommendations for opto- 
coupled switches apply to this circuit. However, the snubber net- 
work can be applied only across the SCRs as shown in the illus- 
tration. The optocoupler should be chosen for best noise immu- 
nity. Also, the voltage rating of the optocoupler output triac must 
be equal to or greater than the voltage rating of SCRs. 


SUMMARY OF RANDOM TURN-ON RELAYS 

As shown in Figure AN1007.10, if the voltage across the 
load is to be phase controlled, the input control circuitry must be 
synchronized to the line frequency and the trigger pulses delayed 
from zero crossing every half cycle. If the series gate resistor is 
chosen to limit the peak current through the opto-driver to less 
than 1 A, then on a 120 V AC line the peak voltage is 170 V; 
therefore, the resistor is 180. On a 240 V AC line the peak volt- 
age is 340 V; therefore, the resistor should be 360. These gate 
pulses are only as long as the device takes to turn on (typically, 
5s to 6s); therefore, 0.25 W resistor is adequate. 

Select the triac for the voltage of the line being used, the 
current through the load, and the type of load. Since the peak 
voltage of a 120 V AC line is 170 V, you would choose a 200 V 
(MIN) device. If the application is used in an electrically noisy 


industrial environment, a 400 V device should be used. If the line 
voltage to be controlled is 240 V AC with a peak voltage of 340 
V, then use at least a 400 V rated part or 600 V for more design 
margin. Selection of the voltage rating of the optodriver must be 
the same or higher than the rating of the power triac. In electrically 
noisy industrial locations, the dv/dt rating of the optodriver and the 
triac must be considered. 
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Figure AN1007.10 Random Turn-on Triac Driver 


The RMS current through the load and main terminals of 
the triac should be approximately 70% of the maximum rating of 
the device. However, a 40 A triac should not be chosen to control 
a 1 A load due to low latching and holding current requirements. 

Remember that the case temperature of the triac must be 
maintained at or below the current versus temperature curve 
specified on its data sheet. As with all semiconductors, the lower 
the case temperature the better the reliability. Opto-driven gates 
normally do not use a sensitive gate triac. The opto-driver can 
supply up to | A gate pulses and less sensitive gate triacs have 
better dv/dt capability. If the load is resistive, it is acceptable to 
use a standard triac. However, if the load is a heavy inductive 
type, then an alternistor triac, or back-to-back SCRs as shown in 
Figure AN1007.9, is recommended. A series RC snubber net- 
work may or may not be necessary when using an alternistor 
triac. Normally a snubber network is not needed when using an 
alternistor because of its high dv/dt and dv/dt(c) capabilities. 
However, latching network as described in Figure AN1007.8 
may be needed for low current load variations. 


ZERO CROSSING TURN-ON, NORMALLY OPEN RELAY 
CIRCUITS 


When a power circuit is mechanically switched on and 
off, high-frequency components are generated that can cause inter- 
ference problems such as RFI. When power is initially applied, a 
step function of voltage is applied to the circuit which causes a 
shock excitation. Random switch opening stops current off, 
again generating high frequencies. In addition, abrupt current 
interruption in an inductive circuit can lead to high induced-volt- 
age transients. 

The latching characteristics of thyristors are ideal for 
eliminating interference problems due to current interruption 
since these devices can only turn off when the on-state current 
approaches zero, regardless of load power factor. 

On the other hand, interference-free turn-on with thyristors 
requires special trigger circuits. It has been proven experimentally 
that general purpose AC circuits will generate minimum electro- 
magnetic interference (EMI) if energized at zero voltage. 

The ideal AC circuit switch, therefore, consists of a contact 
which closes at the instant when voltage across it is zero and opens 
at the instant when current through it is zero. This has become 
known as “zero-voltage switching”. 
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For applications that require synchronized zero-crossing 
turn-on, the illustration in Figure AN1007.11 shows a circuit which 
incorporates an optocoupler with a built-in zero-crossing detector. 
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Figure AN1007.9 Optocoupled Circuit for heavy-duty Inductive Loads 











Also, this circuit includes a dv/dt snubber network connected 
across the power triac. This typical circuit illustrates switching the 
hot line; however, the load may be connected to either the hot or 
neutral line. Also, note that the series gate resistor is low in value 
(22 _), which is possible on a 120 V line and above, since zero- 
crossing turn-on is ensured in any initial half cycle. 


ZERO VOLTAGE SWITCH POWER CONTROLLER 


The UAA2016 (at www.onsemi.com) is designed to drive 
triacs with the Zero Voltage technique which allows RFI-free power 
regulation of resistive loads. Operating directly on the AC power 
line, its main application is the precision regulation of electrical 
heating systems such as panel heaters or irons. It is available in 
eight-pin I.C. package variations. 

A built-in digital sawtooth waveform permits proportion- 
al temperature regulation action over a +1°C band around the set 
point. For energy savings, there is a programmable temperature 
reduction function, and for security, a sensor failsafe inhibits out- 
put pulses when the sensor connection is broken. Preset temper- 
ature (in other words, defrost) application is also possible. In 
applications where high hysteresis is needed, its value can be 
adjusted up to 5°C around the set point. All these features are 
implemented with a very low external component count. 


TRIAC CHOICE AND ROUT DETERMINATION 


The power switching triac is chosen depending on power 
through load and adequate peak gate trigger current. The illustra- 
tion in Figure AN1007.12 shows a typical heating control. 
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Figure AN1007.12 
Heater control Schematic 








Rout limits the output current from UAA2016. Determine 
Rout according to the triac maximum gate current (IGT) and the 
application low temperature limit. For a 2 kw load at 220 V rms, 
a good triac choice is Q6012LHS. Its maximum peak gate trig- 
ger current at 25°C is 50 mA. 

For an application to work down to -20°C, Rout should be 
68. since IGT of Q6012LH5 can typically be 80 mA and mini- 
mum current output from UAA2016 pin 6 is -90 mA at -8 V, -20 
°C. 


OUTPUT PULSE WIDTH, RSYNC 

Figure AN1007.13 shows the output pulse width TP deter- 
mined by the triac’s IH, IL together with the load value, charac- 
teristics, and working conditions (frequency and voltage). 
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Figure AN1007.13 Zero Voltage Technique 





To ensure best latching, TP should be 200s, which means 
Rsync will have typical value >390 k. 


RS AND FILTER CAPACITOR (CF) 
For better UAA2016 power supply, typical value for RS 
could be 27 k, 2 W with CF of 75 F to keep ripple <1 V. 


SUMMARY OF ZERO CROSSING TURN-ON CIRCUITS 


Zero voltage crossing turn-on optodrivers are designed to 
limit turn-on voltage to less than 20 V. This reduces the amount 
of RFI and EMI generated when the thyristor switches on. 
Because of this zero turn-on, these devices cannot be used to 
phase control loads. Therefore, speed control of a motor and 
dimming of a lamp cannot be accomplished with zero turn-on 
optocouplers. 

Since the voltage is limited to 20 V or less, the series gate 
resistor that limits the gate drive current has to be much lower 
with a zero crossing optodriver. With typical inhibit voltage of 5 
V, an alternistor triac gate could require a 160 mA at -30°C 
(5 V/0.16 A = 31 gate resistor). If the load has a high inrush cur- 
rent, then drive the gate of the triac with as much current as reli- 
ably possible but stay under the ITSM rating of the optodriver. By 
using 22 for the gate resistor, a current of at least 227 mA is sup- 
plied with only 5 V, but limited to 909 mA if the voltage goes to 
20 V. As shown in Figure AN1007.14, Figure AN1007.15, and 
Figure AN1007.16, a 22 gate resistor is a good choice for vari- 
ous zero crossing controllers. 
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Figure AN1007.15 Zero Crossing Turn-on Non-sensitive SCR Driver 
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Figure AN1007.16 Zero Crossing Turn-on Opto-sensitive Gate SCR Driver 


TIME DELAY RELAY CIRCUIT 


By combining a 555 timer IC with a sensitive gate triac, 
various time delays of several seconds can be achieved for 
delayed activation of solid state relays or switches. Figure 
AN1007.17 shows a solid state timer delay relay using a sensitive 
gate triac and a 555 timer IC. The 555 timer precisely controls 
time delay of operation using an external resistor and capacitor, 
as illustrated by the resistor and capacitor combination curves. 

(Figure AN1007.18) 
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Figure AN1007.17 555 timer circuit with 10 second delay 
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Figure AN1007.18 Resistor (R) and capacitor (C) combination curves 


IR MOTION CONTROL 


An example of a more complex triac switch is an infrared 
(IR) motion detector controller circuit. Some applications for this 
circuit are alarm systems, automatic lighting, and auto doorbells. 

Figure AN1007.19 shows an easy-to-implement automatic 
lighting system using an infrared motion detector control circuit. 
A commercially available LSI circuit HT761XB, from Holtek, 
integrates most of the analog functions. This LSI chip, U2, con- 
tains the op amps, comparators, zero crossing detection, oscillators, 
and a triac output trigger. An external RC that is connected to the 
OSCD pin determines the output trigger pulse width. (Holtek 
Semiconductor Inc. is located at No.3, Creation Road II, 
Science-Based Industrial Park, Hsinchu, Taiwan, R.O.C.) Device 
U1 provides the infrared sensing. Device R13 is a photo sensor 
that serves to prevent inadvertent triggering under daylight or 
other high light conditions. 

Choosing the right triac depends on the load characteristics. 
For example, an incandescent lamp operating at 110 V requires 
a 200 V, 8 A triac. This gives sufficient margin to allow for the 
high current state during lamp burn out. U2 provides a minimum 
output triac negative gate trigger current of 40 mA, thus operating 
in QU & QUI. This meets the requirements of a 25 mA gate triac. 
Teccor also offers alternistor triacs for inductive load conditions. 

This circuit has three operating modes (ON, AUTO, 
OFF), which can be set through the mode pin. While the LSI chip 
is working in the auto mode, the user can override it and switch 
to the test mode, or manual on mode, or return to the auto mode 
by switching the power switch. More information on this circuit, 
such as mask options for the infrared trigger pulse and flash 
options, are available in the Holtek HT761X General Purpose 
PIR Controller specifications. 
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Figure AN1007.19 IR motion control circuit 
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480V - 38kV NEW AND SURPLUS 

e New General Electric switchgear in 4 weeks 
e Match existing lineup 

e Reconditioned from stock 

e Complete unit substations 

e Indoor and outdoor available 
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RENEWAL PARTS 

SWITCHGEAR & CIRCUIT BREAKER PARTS 

e All low & medium voltage renewal parts, 1945—today 
e Obsolete vacuum interrupter in stock 


e www.circuitbreakerpartsonline.com 


MEDIUM VOLTAGE MOTOR CONTROL 
AIR & VACUUM MOTOR CONTROL 

© New General Electric available from stock 

e Reconditioned starters and contactors 


SERVICE & REPAIR 
e Field service and testing 
e Shop repair of all switchgear and circuit breakers 





24 Hour Emergency Service 


Fax: 940-665-4681 


www.chsales.com 
info@cbsales.com 


